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INFLXJENCEOF CRYLYCALPLANEANDSURROUNDINGATMOSPHERE

ON CBI!MICALACTIV3XDLSOF SINGLECRYSIMLSOFMEI’ALS

By AllanT.Gwathmey,HenryLeidhelser,Jr.,
andG. Pedro=th

SUMMARY

A generalsurveyhasbeenmadeof theinfluenceof crystalplaneon
thechemistryof theoil+.etalinterface.Singlecrystalsof 13metals
havebeengrown,convertedintospheres,andtheirsurfacesspeohlly
prepared.Fivechemicalprocessesimportantto theoperationorqwacture
oflubricatedsurfaceshavebeenstudied.Itmaybe concludedingeneral
thattheratesofthesefiveprocesseswith13m@als varywithplanein
differentdegrees.In somecasesthereisnmreUfferencebetweenthe
chemicalbehavioroftwoUfferentfacesonthesamemetalthanbetween
thebehaviorofpolycrystallinesurfaceson twodifferentmetals.‘The
significanceofthisvariationwithpbe isgreatbothinregardto an
understandingof themechanismof surfaceprocesses-d inreg=d to the - _
practicaluseofmetals.

Thecompletelistofthe13metalsstudiediagivenaccordingto
crystalstructureas follows:(1)fac=enteredcubicstructure-aluminum,
copper,gold,lead,nickel,andsilver;(2)body+xnteredcubicstructure-
chromiumandiron;(3)hexagonnlclos-packedstructure- cadmium~d zinc;
(4)rhomibohedralstructure- bismuth;(5)body-centeredtetragonal
structure- tin;(6)face+enteredtetragonalstructure- iridium.

Theprocesseswhichhavebeenstudied,endtheratesofwhichin
generalvarytithplaneare:

1. Oxidationinair.

2. Corrosionby oils. Thisproducestwodistincteffects:one,the
amountofmetalremovedvarieswithplane;endtwo,someregionsare
roughenedandothersremainsmooth.Ihcreasedroughnessw produceother
effectssuchasmechanicalwesr.

3.Wettingof thesurfacehy stearicacidwithcopper,nickel,and
iron.

4.Rearrangementandrougheningof thesurfacedueto.theactionof
hotgasesinmanycases.

5.Electrochemicalprocesses,includingdeposition,etching,replace-
ment,andina fewcases,galvsaicaotion.
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Thenatureof thesurroundingatmospherewasfound,as in thecase
of copper,tohavea fergreaterInfluenceincontrollingchemicalaction
at tineoil-metalinterface,especiallyin thecaseof etchingandwetk!mg,
thantheliteratureon thissub$ectindicates. —.

Althoughthepreparationof thecrystalswasundertakenasa means
toan encL,theinformationandexperienceobtainedtithcrystalgrowth,
recrystallizationundermechanicalstrain,theprocessof sheer,and
formationof sliplinesarean fmportantadditionto thechemicalinfor-
mationobtainedin thestudfesof’processes1 to 5. Physicalaswellas
chemicalprocessesareinfluencedby crystalplane,anda comprehensive
lhmwledgeofbothmustbebrought.tobearon theover+dlprocessof
f’rictionandwear.

KU crystals,except-thoseofironandchromium,were&crownbY S1OWLY
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loweringthemelt-ina ~acuumfurnace.fionwasgruinby.tfiestrain+nneti ‘ ‘
method,andchromiumwasgroundfromlezgecrystallumps.Lead,zfnc,tfn,
andIndlumcouldnotbe machinedwithoutrecrystallizationandweregenerally
grownin sphericalform,Themechanicallystrainedandroughenedlayers
wereremovedby electrolyticpolishing,itbeingnecessaryin somecasesto
developspecialsolutions,

An attempthasbeenmadetofindsomebasisforcorrelattcnofresults.
Althougheachreactionpatternischaracteristicof theparticularreaction,
therearecertal.nsimilaritiesb thepattezmsformetalsofanyonecrystal
system.Forexample,theregionsof’highandlowratesof oxidationtith .

thoseface-centeredcubicWt=sj the=ides ofwhichcm be reEuU-lYreduced,
arein general the same. Likewise,theregionsofhighandlowratesof
oxidationforthehexaganalclose-packedmetalsaresimilar.Theetching
andwetti’ngcharacteristicsof thevaiousmetalshavebeensumm ized,
andthevariatlcmsIn theratesoftheseveralproceesesaregiven.The
resultsofthesestudieswitha numiberofprocessescma numberofmetals
ofgreatlydifferentpropertiessuggesti-theuniversaldependenceof
surfaceprocessesoncrystalplsme.Alsoit isbe~evedthatmanyof
thedifficultiesoflubricationcommmlyattributedtomechanicalcauses
mayhavethefrorigin,at least,in chemicalprocesses.

INTRODUCTION

Theprocesseswhichtakeplaceinlubricated’madxinerymaybe dlvlded,
forconveniencein study,intochemicalprocessesandmechanicalproces8es.
In thesestudieschemicalyrocessesareconsideredto includeallordinary
chemicalchanges,stihas oxidationandcorrosionof themetalsurface,
plustheprocessesofadsorption,orientationofoilmolecules,andelectro-
deposition.Mechanicalprocesses,whichinvolvetheactionofforceson
metals,areconsideredto includesuchprocessesas friction,wear,and
shear.Itshouldhe emphasizedthatthisclassificationig E@E@Y forc-
venienceinisolatingandstudyingonevariableat-a the, A comprehensive
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understandingofover-alllubricationwouldbe greatlyaidedby a knowledge‘
oftheseindividualprocesses.Thepresentinvestigationincludesall
chemicalprocessestaldngplaceat thesurfaceoflargeindividual.crystals
ofmetalsunaccompaniedbymechanicalfrictionandwear. In ordertorelate
theconsecutivepartsofthisstudy,a briefreviewof theprojectas a
whole.willbe given.

An ordinarymetalsurfaceconsistsofcrystalfeces,edges,corners,
boundaries,anddisturbedlayers.Eachtypeof surfacehasitscharacter-
isticarrangementofatomswhichinfluencesitsreactivity.Theproperties
ofa surfacearea ccnnpositeofthepropertiesof theseindividualparts,
endmeasurementsmadeonoi’dinarypolycrystalJinesurfeceshavea limited
meaning,especiallyforpurposesofunderstandingthemechanismofsurface
processes.Therefore,in oziLertounderstandthebehaviorof a metalsurface,
thepropertiesof thedifferentt~es of structuremustbe understock.

Frompreliminaryrmeasurementsmadeinthislaboratorywithlubricat~
oils,itwassuggestedthatcorrosionofmetalsurfacesendotherprwesses
inportantto lubricationmightvarywithcrystalplane.Proposalsweremade
thattheprocessesoflubrication,friction,andwearbe investigatedby a
studyoflargesinglecrystalsin theformofspheresonwhichdifferent
facesofknownstructurecouldbe identified.Thismethodalsohasthe
sdvantageofbeingconcernedwiththe
composedandthereforeoffersspecial
q app=entlyunrelatedprocesses.
thesurfacecannotbe overemphasized.
areoflittlevaluebecausetheyhave
structure.In themethodusedin’the

unitcrystalofwhichallmetalsare
opportunitiesforthecorrelatimof
Theimportanceof thepreparationof
Menycarefulsurfacemeasurements
beenmadeon surfacesofunhewn
presentstudyallstrained.layers

areremovedby electrolyticpolishing,whichleavestheknownstructure
ofthebasemetalexposedtotheactionofthereactingoilsandgases.It
ispossibletofollowslightchangesin thesurfaceby theappearanceof
sy?mnetricalpatternsagainsta highlypolishedbackground.!L!hroughtheuse
ofcrystalsin theformofspheres,it ispossible,in effect,to study
chemicalchangesona surfacehavinga completesetof sphericalcoordinates
inscribedcmit foridentificationof structureandforfollowingthecourse
ofthereaction.Itwasappreciatedat theoutsetthat,in thestudyof
lubricationby thismeth~,theover-a+lconditionsinan actualenginewere
notreprcd.uced,butitwaathoughtthattheunderlyingprincipleswhich
controlthebehaviorofmetalsin enenginecouldbe effectivelystudied
andthatmuchvaluableinformationonmechanismofsurfaceprocessescould-
be obtained.At thesametime’thedesirabilityofusingorientedcrystal
surfacescouldbe investigated,withdueccmsideraticmofthepossibility
thatthisstudytightevenshowthatan orientedsurf~eIS justwhatis
notdesired.

A projectforoneyeax,beginningOct.1, 1943,wasap~roved,the
W“’PoseofwhichWaSto obta~ f~damentalknowledgeon thechemistryof
theoil-metalinterfaceoflubricatedsystemsenditsdependenceoncrystal
plene.Theoilstobe studiedwere: purehydrocarbons,oilinessaddition
agents,chemicalpolishingagents,sndcolmuercial.oils.Themetalswereto
be copper,silver,endironifpossible.Thetemperaturerangewasrocmto
3000c. Emphasiswastobe placedondependenceoncrystalplane.

---—



4

—. .——- . .. ----. ..e~

N4CATN ~0.1460 - _.--—.
—.

The firstyearwasdevotedlarge2ytoa studyofcopperandthedavel~ -
mentof themethod.Resultswere.alsoobtainedwithsilverandleadanda
fewresultswithlr~, nickel,andzinc.b thecaseof copperItwasshown
thattheratesofreactionvariedwithplaneforthefivechamicalprocesses -
listedin theSUMMARYplusthecatalytic decompositionofoils.Eachof
theseprocessesis importantto theoperationofaircraftengines,andhence
theirvariatimwlthplaneisimportant.Forexample,bothfrictionand
wearvarywiththethickuessof’theoxidefilmup toa certainpofnt,and
corrosionby oilsdepenti”greatly.onthe”oxlda.tioncharacteristicsof the
metal.Therateofoxidationof=me faceofl-acoppercrystaliaatleast
fivetimesthatofsmother.Thenatureof thesurroundinga-sphere was
foundtoplaya controllingpartin chemicalactionat theoil+etal.
interface. .-

A fewadditionaleffectswerestudied,whichwerethou@ttobe
importanttolubricationandwhichreadilylentthemselvestothismethod
of study.Theywere: formationof sliplinesandtheireffectoncorrcmfon
by oils,rubbingof onemetalagainstanotherwhere%~thesoftermetal
adheredPreferentiallytotheharderone,theeffecton etchingofrubbing
twometalstogether,andtheelectiochemfcaldisplacementof onemetalby
anotherin oilsandaqtieoussolutions.Theetchingofcopperby three
lowermembersof’theparaffinseriesofacids,acetic,propionic,end .“
butjmic,wasstutiedtodetermineanysimilaritiesbetweentieetc~
characteristicsofa seriesofacids,butno strikingslndlaritieswere
found.Eachacidproduceditscharacteristicpattern. —

.

Beforethisinformationonthechemistryof theoil+netalinterface
couldbe profitablyappliedto theprollemoffrictionandwearorbefore
a detaile~qumtltativestudyofanyoneoftheseprocesseswasjustified, .

it seemedadtisableto detemufnefirstwhetherthisvariationIn rate with
planewasa universalpropertyof surfacereactlona.If thisvariationin
rateWithplanewerea universalpropertyofmetalsurfaces,thisfact
wouldhavegreatsi~ificance.If itweresimplya propertyofoneor two
metals,Itwouldbe ofinterestbutwouldhavelimitedsignificance.
Accordingly,proposalswereapprovedfora continuationof thesestud3.es
for1 year. Thefirst6 monthsweretobe devotedtopreparingand .
studying,by thesamemethodsdevelopedforcopper>sixadditicmalmet-~
Actually1.0additionalmetalshaveleanstudied.Thispartof thestudy,

—

fncludlnga discussionofallchemicalstudiescarriedOUHS describedfn
thepresentreport=,Thesecmd 6 monthsofthissecondyearweretobe
devotedtclstudyi~theeffectof crystalplaneandatmosphereonfriction
andwearandtoapplyingthechemicalinformationprevlousl.y obtainedto
thisproblem.Thisp=t of thestudyisgiveninreference1.

Theconsecutivepartsoftheentirestudy,Includingreferences1 and
2,aresummarizedas follows: .

1.D-wingthefirstyearthemethodof studywasdeveloped,andthe
influenceof crystalpkae wasstudied
totheoil--tedinterface.Therates
rearrangementduetotheactionofihot

titha numberofprocessesimporti~ -
ofoxidation,corrosion,wetting,
gases,electrochemicalreactions, .. -_

—.—.
. .-
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andformationof carbonaceousdepositswereshowntovaryin tifferent
degreeswithcrystalplaneforcopperendlead. Silverwaslergely
unreactive.

2.Duringthefirsthalfof thesecondyear,fiveoftheseprocesses
werestudiedwithsinglecrystalsof10additionalmetalsofgreatlyMffer-
entpropertiesin orderto determinewhethervariationinrateofreaction
withplanewasa commonpropertyof surfacereactions.Thispsrthasbeen
completedandisdescribedin thepresentreport.

3.Duringthesecondhalfofthesecondye=, theinfluenceofcrystal
planeandatmosphereon frictionendwearbetweenmetalyartewasstutied.
Thechemicalinformationobtainedin steps1 and2 oftheentirestudywas
usedin selectingthemostsuitableconditionsfortheseexperimentsandin
interpretingtheresults.Thispsrtis coveredinreference1.

4. Sincethegeneralimportanceof crystalplaneandatmospherehas
beendeterminedfora nuniberofprocessesinvolvedintheoperationor
manufactureoflu%rlcatedparts,it isnowdesira%leto studyona quanti-
tativebasistiemorehportantoftheseprocesses.Sinceoxidationisa
controllingfactorinmanyoftheseprocesses,it is specificallyrecoin-
mendedthata quantitativestudybe madeoftheoxidationprocessfortwo
or threemetals%y usingcolorfilms,electro~i.creductionoftheoxide,
andelectrondiffractionasmeansof study.It isalsorecommendedthat
thepresentstudiesontheinfluenceof crystalplaneandatmosphereon
frictionandwearbe continued.

Thisworkwasconductedat theSchoolofChemistry,Universityof
Virginia,underthesponsorshipandwiththefinancialassistanceofthe
NationalAdvisoryCommitteeforAeronautics.

METHOD OF EXPERIMENT

Themethodof experimentisthesameas thatdescribedinreference2.
It consistsessentiallyinpreparingsinglecrystalsofmetalsintheform
of spheresandstud@ngtheir&eactivitiestithhotgasesandoils.The
advantagesof thismethodof experimentandthetypesof informationwhich
maybe obtainedhavebeendiscussedin detailin theaforementionedreport.

Withtheexceptionof iron,allsinglecrystalsweregrownby slowly
loweringa meltofmetalfroman electricallyheatedfurnace.&on cryahls
weregrownby thestiain-annealmethod.Spheres,approximately5/8inch
in diameter,withshafts3/16inchin diameterby 1/2inchinlength. ertendingfromoneside,weremachinedfromthesinglecrystalrods. This.
wasdonewiththeaidofa specialball-turningappsratuswhichmovedthe
toolon-thearcofa circleas thesinglecrystalrodwasturnedin the

. lathe.Iha fewcasesinwhichmachiningproducedrecrystallization,it
wasnecessaryto growthecrystalsfromthemeltintheshapeofa sphere.
TIM$spheresweremechanicallypolished,wheneverpossible”without
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recrystallization,withamerypapersnuders1 to0000andthenelectrc+
lyt~callypclishedinordertoremovethestrainedIqyers at thesurface.
Sincethegrowth,machi~, andpolishingof thevariouscrystalsvaried
indetails,theslgmlfica.ut-featuresforeachmetalaredescribedunder
RESULTS. —

Thesphereswithshaftspointingdownwardwerealte?pxately~oseci
tomineralollandairby raisingandloweringthespheresaboutan inch
aboveand-belowthelevelof theliquidat therateofabout15 timesa
minute.Sameexperimentswereconductedinanatmosphereofhydrogenor
nitrogm. T“econditionsof e~eri.mentandthemethodsof tining the
crystalshavebeenpreviouslydescribedinreference2. Inbrief,the
crystalsare&&minedby threemethods.Oxidationpatternswerestudied
by exsadningtheinterferencecolorswhichappearedwhenthecrystalwas
examinedwithina tubeofwhitepaper.Etchpatternswereexaminedby
meansofthespeofi~reflectionsobtainedwhena beamofliglrbwasdirected
at thecrystalina darkenedromm Lightreflecticmsflashed-intoview
fromsmallf&K2et6developedparallelto certaincrystalplanes.I!&omthe
directionsofthese-reflectionsandfromtheorientationof thecrystalas
shownby thesymmetryoftheetchpatterns,thecrystalplanealongwhich
thesefacetsformedwasdetermined.Thedetailsof theetchinginanycme
areawereexaminedwitha microscope.Thedirection,depth,andcross-
sectionaldimnsionsof theetchstructurecouldbemeasured.m most
etchingexperimentsthecrystalswereweighedbeforeandafteretchingin
orderto obtaina roughmeasureofthedegreeof etching,butsuchmeasure
mentsarelimitedinmeaningbecauseofthefactthatall.crystalplanes
wereexposedandtherateof etchingalongtheseplanesvariedgreatly.
However,theseweightmeasurementsareofvaluewhenconibinedwithinfo-—
mationontheetchpatterns.

Tt shouldbe emphasizedthat,althoughcaxewastakenintheprepa-
rationofthesurfacesusedinthesestudies,thereis stilla greatneed
fora special.studytobemadeonthepreparationofmetalsurfacesmechar+
icallysmoothandchemicallyclean.h reference2 varioustreatmentsfor
cleemlngthesurfaceofcopperweredescribed.It isbelievedthatthe
surfacesusedinthispresentstudyare satisfactoryforthetestsmade,
butthepointshouldbemadethattheadvancementof ourknowledgeof -
surfacechemisix?y,andespeciallythecorrelationbetweentheoryend
experiment,is dependenton thepreparationofa surfaceoflmownstructure
whiohismorenearlymechanicallyplaneandchanicaUyclean.Thisisnot
aneasytask.

S~ic acidwasoneoftheoilinessagentsusedandtricresyl
phosphatewasoneof thepolishingagentsused.A fewexperimentswere
conductedwithpure+radephosphate-butthiswasnotgenerallyused
lecauseof excessivqcost.Theusedandunusedaviationoilsweresupplied
by theNACAFli,ghtPropulsion.ResearchLaboratoryinClevel.zmd.The
purityofthemetalsusedis describedinRESULTS.

-~.. . .
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RESULTS

Thepertinentfactsa%outthegrowth,machining-polishing,andchemical
reactions=e givenforeachmetal.In describingthechemicalreactions,it””
isnecess=yto describein somedetailthevariouspatternsobtained.
Althoughthismakesdifficultreadingbecauseofboththeinherentcompli-
cationsof thepatterns-d thelargenumberofreactionsstudied,this
methcdofdescriptionisnecessaryinfirstrecordingthechemicalprop-
ertiesof theindividualcrystals.It is fromthistypeof information
thattheconditionsforsubsequentdetailedstudiesmustbe selected.
Thenumberoftestsmadeandtheinformatim”obtainedvaryscmewhatwith
themetal,thenuniberoftestsmadedependingcm theimportanceofthe
metalandthedifficultiesencountered.Themetalsaregroupedaccording
tothelatticespacinginwhichtheycrystallize.Theywi~ be consid-,
eredinalphabeticalorderwithinsayonelatticespacing.Tempera-
turesereexpressedindegreescentigrade.

Thephoto~aphsgiveninthepresentreport(figs.1 to 21)are
orientedinthesamedirectionsforcrystalsofanyonestructurein
orderthatthepatternsmaybe compared.Theviewsof crystalsof the
face-centeredandbody-centeredcubicstructureme lookingnormalto
thesurfaceat the(100)@ole. TablesI toIIIgiveresultsof oxidation,
etching,~d wetting.

FA~ CUBICSTRUCTURE

. A.hmlinum

Thealuminumusedhada.listedpurityof99.4percentaluminum.
Themeltingpofitof thepuremetalis660°.

Orystalsintheformof rods, 5/8inchin diameterby
6 inc=~ength, weregrowmbyloweringsmelt at therateof1/2inch
perhourinan electricallyheatedmolybden~oundvacuumfurnace.The
crucibleconsistedofa graphiterodintowhichwasdrilleda holewith
a taperedpointat theIowerad fortheformationofa singlenucleus.

Machininq.-Spheres,578inchin diameter,witha smallshaft
3/16inchin dis+terby l/2.inchinlengthextendingfromoneeide=
weremachinedfromtherod. Singlecrystalsaremuchsofterthanthe
polycrystalline-terid andgreatcareisusuallyrequiredinmachining.

. k thecaseofaluminum,chipsofthemetaladherereadilytothework
sothata badsurfacefinishresults.Thiscanbe preventedby machining
slowlyandusingcarbontetrachlorideas a cuttingoil. ‘T@tqolshould

. havea largepositiverakeof40°to 60°anda siderekeof600.The
clearanceshouldhe 8°to10°. If thisangleistoosmall,thesideof
thetoolwillrubagainsttheworkandgenerateheatanddistortionin
theunderlyingmetal;iftoolsrge,itwilltendto causedigging.The

.-
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noseradiusshouldh small since only lightcutscanbe made. B all
casesit is essentialtohavekeencutting edges andhighlypollshedfaces
whicharef%eefromlurrs.The.toolsshouldbe finishedona finewheel
followed%y a veryfineoilstone.Sincealuminumexpandsgreatlywhen .
heated,drillingshouldbe doneverycarefullytoprev=tgrippingof the
dri~. A goodIubricentof onepartlardoilto onepartkeroseneshould
be usedandthedrillshouldbe withdrawnfrequentlyto disposeof chips.

Polishing.-The~heresweremechanicallypolishedwithemerypapers
n@ers 1 to0000andparaffininkerosenewasusedas a lubricant.Electro-
lyticpolishingwascarriedoutby themethodofJacquet(reference3),
theelectrolytebeinga titureof 7 volumesofaceticanhytiideand
2 volumesof70-percentiperchloricacid. Thecellconsistedofa
25&ailliliterbeakercontaininga cylindricalaluminumcathodeanda
glassstirre~.Thecurrentdensitywas3 to4 amperesper squaredechmeter
ata potentialof40 to60volts.Thesolutionwasstirredduringthe
removalofthestrainedlayerproducedbymechanicalpolishingbutwasnot
stirredtowardtheendoftheprocess.A bright-surfacewasobtained
in severalminutes.Thesinglecrystalnatrrceofthespherewasdetermined
by notingthesharpnessofthepatternobtainedwhenetchedinlo-percent
sodiumhydroxide.

Oxidation.-Novisiblechangewasproducedwhena crystalwasheated
inairat @T for15hours.Whenitwasheatedin o~genat 550°for
2 daysendthenexaminedmder a %eamoflight,a faintbutdefinitepattern
offoggyandbright-regionscouldbe seen.Uhderthemicroscopethefoggy
regicmsappearedslightlyroughad dfsrupted,andthebrightonesappeared
relativelysmooth.Apparentlytheroughenedregionswereproducedby pene-
trationandreactionoftheoqgen.belowthesurface.

Thero~hestregionsconsistedofcircularbandsaroundthe(100)poles
andmall connectingbandsjoiningthe(100)polesandpassi~ttioughthe
(1.1.0)poles.Withinthecircular bandat the(100)polewasa smoothregion
andat thecenterof thiswasa small roughspot.Largeareasaroundthe
(ill)polesremainedbrfghtandsmooth.Thus,fromtheroughnessof the
surface,itappearsthattheregionsaroundthe(100)and(110)poleshad
thegreatestratesofoxidationandthosemound the(Ill)poles,the
lowest. —

Mineraloil.–~0-visiblechange CM w&@t 10SS W- o~&fned ~t=
alte~~h~ion Inmineraloilfor24hoursat 200°inanatmosphere
ofair,andthesurfaceremainedcompletelywetby thellquid.

.
OilinessWents.- Novisiblechangeorweight–losswasobtainedafter

heatingby altemte immersionin stesricacidfor24hoursat 200°,and
thecrystalremainedcompleti-lywet. At 300°inanatmosphereofalra .
slighttarnishingoccurredin3 hours,butnoweightlossoccurred.In
ordert-odeterminewhethertheinactivityofaluminumwasduetoananodlc
filmfomnedduringtheelectropolishing,a crystelwasetchedfor7 minutes
in l-percent#odiumhydroxidesolutim.Am excellentetchpatterndeveloped.
Afterheatingby altercateinmersionin steemicacidfor24hoursat 200°,
novisiblechangeorweightlosswasfound.
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Novisiblechangeorweightlosswasfound.afterheating
immersionin oleicacidfor24hoursat 2~0 inan atmosphere

9

by alternate
ofair. An

attemptwasmadeto“determinetheeffecton etchingof continuallyremoving
theprotectiveoxidefihnbymechanical.means.A crystalwasrevolvedat
a rateof100rpmina flaskcontainingoleicacidat 200°=d about1 inch
of seasandonthebottom.Within3 hourssmallpsrticlesofaluminum
appearedat thesurfaceof theliquidandsmallscratchescouldbe seenon
thecrystal..After22hoursthecrystallost0.0142gram(0.14g/sqh),
butfromtheappearanceof thesurfaceit seemedprobablethattherewas
no lossdueto corrosion.

ChemicalpolishinRagents.-Afterheatingby alternateImmersionin
tricresylphosphateat 200”for20hoursinan atmosphereofair,a crystal .
becamecoveredtitha black,tar-likematerialwhichwasreadilyremoved
by rubbing.Aftera totalof 24hoursnoweightlosswasfound,endthe
surfacewasunchanged.

Commercialoils.–Afterheatingby alternateimnersioninnewaviation
oilat 200”for24hoursinan atmosphereofair,no visiblechangeor
weightlosswasfound.

A veryslightweightlossandnonpreferentialtarnishingweredetected
afterheatingby alternateimmersioninusedaviationoilat 200°for
24hoursinan atmosphereofair. Thecrystalremainedcm@etely wet.

. Amines.–No
afterheatingby
ina atmosphere

.

weightlossorvisible
alternateimnersionin
ofair.

Co&er

chengein thesurfacewasapparent
dodecylamineat 200°for24hours

Thecopperusedhada listedpurityof99.90percentc~er plus
silver.Themeltingpointof thepuremetalis1083°.(Seereference

The gold
meltingpoint

Growth.-
diameterby 4

- crucibleina
perhour.

Gold

usedhada listedpurityof99.95percentgold. The
ofthepure metal. is 10630.

A goldsinglecrystalin theformofa
inchesinlengthwasgrownby lowering
mo~bdenun+woundvacuumfurnaceat the

rod,1/2inch
themeit b a
rateof about

in

2.)

graphite
1/2inch

—

. Machining.-Goldmustbe machinedwiththegreatestcaresinceit is
softandtoug~sndthereforesusceptibleto diggingof thetoolandbendi.pg
oftlheentirecrystalrod. h itsgeneralmachiningpropertiesit isvery
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muchlikecopper.Also,chipstendtoweldtoa cleansurface,antiulphw
rized011isusedas a cuttingofl. Thedepthof cutshouldnotexceed
0.005inch.

POMEihinq.-Thegoldsinglecrystalwasmecluxnicallypolishedwith-
nunibers1 to 0000metallographlcemerypaperscoatedwitha solutfonof
paraffininkerosene.ThegreaterJKYL’tiOnof thestrainedlayerwas
removedelectrolytlcald.yindilutehydrochloricacidata lowcurrent
density,thesharpnessof-theetchpatternindicatingwhenthegreater
part of thelayerhadbeenremoved.Thefind.polishwasproducedelectio-
lyticallybythemethodofKushner(reference4). Theele@@yt? c_Q?_..
sistedof-amixtureof 67.5gramsofpotassiumcyanide,15gramsofRocheli~
salt,15gramsofpotassiumferrocyanide,22.5gramsofphosphoricacid,
and2.5millilitersofanmmtiaperliterof solution.Thebathwasmain-
tainedabove600andthevoltagewaskeptbetween9 and10volts.Thecell
consistedofa 25&aillilfterbeekerwitha cyltidricalcoppercathode.
Thesolutionwasstirredvigorously.Currentdensitiesof-almut150amperes
persq-e decimeterwereused,buttherateofgoldsolutionwasveryslow
becauseofthelowcurrentefficiency.

Oxidation.-No changeoccurredwithgoldcrystals(mheatinginairat
200°and550°f’or24hours.

Mineraloil.-Acrystalturneda lustrousgre~lack colorwtthin
30minutesafterbeingalternatelyexposedto theairandimmersed&mineral
oilat 2003.Nopatternwasvisibleandtheweightlosswasnegligibleafter
24hours.Someof thesurfacecoloringcotidbe removedby vigorousrubbing.
Thetipoftheshaft,whichalwaysremainedbelowthelevelof theliquid,
wascoloredonlyslightly,thisfactindicatingthatexposureto theair
promotedtheformationofthecoloredmaterial.

Stearicactd,oleicacid,tricresylphosphate,newqndusedaviation
oils,andLodecylamine.-Therewasno changevisible-d n~weightloss
measurableafteraltezmateexposuretoalrandimmersionin stearicacid,
oleicacidjtricresylphosphate,newandusedaviationoils,and&decylamine
at 200°for24hours.

Etchin#inacparegiaandelectrolyticetchinginhydrochloricacidor
potassiumcyanide.-TerystrikingpreferentialetchingWasObtainedafter
etchinginaquaregiaandelectrolyticetchinginhydrochloricacidor
potassiumc:yemld.e.
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Rearrangementduetoactionofhotgases.-Thegol~crystalwasinactive ___
ina 7:1ti.xtureofhydrogenandoxygenat44@. No visiblechangetook
placeon

The
point=f

thesuzface.

Lead

leadusedhada listedpurity
thepuremetalis 3270. (See

.

.&:*

.“

of99.94percentlead.me mOltlng
reference2.)
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Nickel

Thenickelusedhada listedpurityof99.4percentnickel.The
meltingpointof thepuremetalis1455°.

Growth.–A singlecrystalrod,1/2Inchin diameterand4 inchesin
length,wasgrownby loweringthemeltina molybdenmwwoundvacuumfurnace
ata rateofshout1/2inchperhour. Sticecarbondissolvesinnickel,
itwasnecesssrytousemagnesiumoxideas a refractory.Severaldifferent
methodsofprepsrlngsmallcruciblesweretried,themostsuccessfulCO-
sistinginliningtheinsideofa graphitecruciblewithmagnesiacement.
Thiswasdoneby paintingsuccessivelayersof cementontheinsideofthe
cruciblewitha smallpaintbrush.Thefinalinsideshapewitha tapered
pointwasobtainedby twistinga mandrelofthedesiredshapedownintothe
crucible-andthenapplyingmorecementto thelowplaces.A smoothsurface
wasfinallyobtained.

Machiniq .- The machining ofnickelis ingeneralsimilartothatof
copper.

Polishing.-Thespheresweremechanicallypolishedwithemerypapers
numibers1 to 0000,thoroughlydegreasedinalcoholandether,andelectr~
lytical.lyyolishedby themethodofEothersallandHammond(reference5].
Thecurrentdensitywas28to 100amperespersquaredecimeterat 10 to .
25volts,andthecellconsistedofa 25Mll+ltter beakercontaining
a cylindricalnickelsheetcathode.Theelectrolytewaslx milliliters
of7kweight+percentsulphuricacid,andthesolutionwasstirredvigorously.
Thecrystalwassupportedshaftupwardintheelectrolyteby meausofa
number16B.& S.gaugenickelwireinsertedthrougha holein th,eshaft.
Somepittingwasobtained,butthiswasminimizedby usinga highcurrent
densityandby rapidstirring,anda bright,smoothsurfacewasobtained.
Excellentelectro~icetchpatternscould_beobtainedwiththiselectro-
l@e at lowcurrentdensities,butbecauseof deeppittingthissolution
wasnotusedfordeterminingthecoqpleter~va2 of thestrainedlayer.
Forthispurposethecrys~ wasetchedat lowcurrentdensityina mixture
of dilutenitricandaceticacids.

Oxidation.- Nickelcrystalsgaveexcellentinterf=encecolor_patterns
whenheatedindryairoro~gen at400°to 500°. Sharppattezmswereonly
obtainedwhenthecrystal.waspreheatedat 550°for24hoursindryhydrogen
priortoadmissionoftheair. At thelowertemperatureof oxidation,400°,
thefirstirderstrawcolorappearedonlyafter24hoursofheating.The
relativeratesof oxidationof thedifferentregionsin orderof decreasing
rateswere: (210)snd(110)regions,widebandsconnectingthe(=0)poles
andbsndsconnectingthe(210)and(110)poles,crossesat the(100)poles,
the(Ill)regions,finestructureborderingthe(111)regions,emdthe
(311)regions.A photographofan oxidationpatternisgivenas figure2.

Mineraloil.-At 100°inan atmosphereofairtherewasnoweightloss
orvisiblechaugeafter48hourswhenthecrystalwaseitherd.ternate~
Immersedinmineralbilandexposedto %heairaboveor suspendedinn&diately
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abo~etheliqufd.At 200°onheating’byalternateimmersionfor24hours,
therewasno weightlossorvisiblechsnge,lnztionsuspendingthecrystal
imnediate~~abovetheliquidforthesu. len@h oft-, thecrystal
lost0.0002gram(O.0014g/sqdin),sndtheshaft,whichforthisezq?erf-
mentwaspointingdownward,showedstrongspecuiarreflections,whereas
the%odyof thesphereshowedno change.Completeimmersionin theoil
at 200°for24hoursresultedina weightlossof0.C003gram(0.005g/sq
din);appently alltheetchingtciokplaceontheshaft,forthesphere
remainedTorylnxlght.Afterheatingby completeimuersionat300°for
24hours,thespherewascoveredwitha heavyblaokde~ositwhichwas
insolublein ether--orcarbondisulphideandcouldnotbe removedby rubbing.
NoweightmeasursmmtswereTossibleinthiscase.

Oilinessagent~.- At--lOOOafter24hoursinan atmosphereof-airone
crystalheatedby alternateinmmrsionin stearicacidlostO.CKIOl-~-
(0.002g/sqdm)~andanotherheatedby cmupleteimnersionlost0.0002gram
(0.003g/sqdm)● Bothcrystalslosttheirbrightfinishbutshowedno signs
ofpreferentialetmhing.At 200°after24hourswithalternateimnersion
twocwsttislost0.0087grm (0.124g/sqdm)-d 0.0086gmm (0.123g/sQ
dm) ● Sincethetopofthesphereremainedverybrfghtandshowedno evidence
ofchemicalattaok,whereasthebottomofthespheread theshaft,which
pofnteddownward, showedstrikingspecularreflections,theeqerimentwas
repeatedwiththeshaftpointedupward.Preferentialetchingoccurredon
thesphereandno tisibleattackappe=edon theshaft.Whena ‘crysti
wascompletelyimmersedbelowtheleveloftheliquidat 200°for24hours,
it 1.ostro.0053 gram (0.oi’6 g/sqdm)anda slightuniformpatternwithfaint
specularreflectimstiomcircular(100)regicmdevelopedovertheentire
sphere..Anothercrystalsuspended$zstabovetheleveloftheliquid
at 200°for24hoursloet0.0017gram(0.024g/sqdm)andtherewasa
slightirregularrougheningof thesurface.At 200°for24–hoursinan
atmosphereofhydrogena crystallost0.0029gram(0.045g/sqdin).Light
reflectionswereobtainedinthe(210)regionsfrcmfacetsparallelto
(100)planes,fromlmndsconnectingtwoneighboring(210)regims,and
frombandsconnectingneighboring(210~~d (110)regions.A photograph
ofthispatternis shownas figure9. Inan atmosphereof’hybogenpurtfied

-.

by passageoverhotcoppertheweightlosswasonly0.0002gram(0.003g/sq
&n)andno signof etchingwasvisible.

At:lOOoonimmersionbelowoleicacidfor24hoursinanatmosphere
ofaira crystallost0.0004gram(0.007g/sqdm)anddevelopeda faintbut
uniformpatmern.Whena beamoflightwasdirectednormaltathesurface
at-the(ill)pole,weak@pecularreflectionswere obtainedfromthe(100)
areas.The(H-l)regionsshowedno signofattack.At 200°theresults
weresimilEu*tothoseobtainedwithsteericacid. Onalternateimnersion
for24hou?x~a crystallogt000103gram(0.172g/sqdm)sndalltheetchi~
as @Qed by thero@ening ofthesurface,tookplaceonthelowerpart .
of-thecrystaland-theshaft.On completeizmnersiona crystallost=
0.0044gram(0.076g/sqdm)anda faintbutfairlyuniformpatterndeveloped
over
lost
were

theentiresurface.A crystalsuspendedimmediately abovetheliquid .
0.004.4grem(0.076g/sqdm)aniigavea faintpattern.Strongreflections
obtainedfroma smallspotat theverytopofi@e spherewherea dropof
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.
lfqyidremainedduringtheentireexperiment.= an atmosphereofts@
hydrogenandat 200°an etchpatternsimilartothatproducedtithstearic
acidwaso%tained..me weightlosswas0.0054grem(0.083g/sqdin).

.

Chemicalpolishbgagents.-Novisiblechangeinthesurfaceorweight
losswasdetectablewhennickelsinglecrystalswerealternatelyhnersed.
intricresylphosphateandairor suspendedbelowtheliquidfor24hours
at 200°.A weightlossof 0.0001gram(0.001g/sqdm)wasnotedwhenthe
crystalwassuspendedabovetheleveloftheliqyidfor24hoursat 200°.
Thepositionofthentckelsurfacenearesttheliquidattaineda nonprefex=
entislmistyappearance.

Commercialoils.- At 100°inan atmosphereofairafter48hoursthe
weightlosswithalternateimmersionin-newaviationlubricatingoilwas
negligible,withcompleteimnersionwasnegligible,andwithsuspension
abovetheliquidwas0.0003 gram (0.005 g/sqdin).Veryslightpreferatial
etchingwastisiblewithbothalternateInmersionS@ suspensionabovethe
liqtid.At 200°tithalternateimersiontherewasno apparentchangeor
weightlossafter48 hours.

At 100°withbothalternateimmersfonandcompleteimmersiaainused
atiationoila slightmistinesswasdetectedafter24hours.At 200°after
24hourswithalternatehmnersiona crystalbecamecoveredwitha @form
dsrk-brownlacquer.Whena crystalwassuspendedfor24hoursbelowthe
liquid,thencooledinairandrubbedwithtissue,a.definitepattern
resultedbecausec?fpreferentialadherenceofthecarbonaceousdeposits
to thecrystal.Thedepositresenibledtheearnerstagesoflacquerfox
mationon copper.Thelacquercouldbe rubbedofftideregionsaround. the(I-U)poles;theresultwasa patternsimilsrto thenickeloxidation
TatternoWeightmeasurementsintheseexperimentsweremeaninglesssince
bothetchingandlacquer.formationtookplacesimultaneously.Tn sn

...---

atmosphereoftankhydrogenat 200°no lacquerformationor changein
weightwasdiscernibleafter24hours. ● ,..

E!mz4”- Whena crystalwasraisedabovestearicacidinwhichit
hadbeenheatedat 200°by alternateimmersionfor16 to 20hoursinan
atmosphereofair,thefilmbrokeina fewsecondsandformeddefinite
dropsat the(Ill)regions.Thesurfaceofthenickel,unlikethatof
copper,showednotisible.roughening.Theregionsinwhichthedrops
formedwereregionsoflowrateof oxidationina~.atelevatedte~eratwes.

Rearrangementduetoactionofhotgases.-A verystrikingpattern
wasobtainedbecauseofrearrangementsproducedby theca~ic reaction

.

.

of hydrogenandoxygenona crystalofnickelat 430° fw 3 days. The
ratioofhydrogento oxygenwas8:1.a@ the$low.wap.mintainedat approxi-
mately10 cubiccentimetersperminute. E@ar=haped sreascontaininga
strikingfinestructurewithq crossat thecenterweredevelopedat the
(100)regions,as shcwnbyffgure1.1.Strongspecularreflectionswere
obtainedfromtheseareaswhena beamoflightwasdirectednormaltothe
surfaceatthe(1OO)pole,thisfactIndicatingtjmtfacetsweredevelo~ed
paralleltothe(100)planes.Facetsparallelto (Ill)planesweredeveloped
intheregicmsletweentwoneighboring(210)poles.Lsrgeareaswound the
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(12.1)polesremainedsmoothandapparentlyunchangedby thecata.lylxlc
reaction.Theregicmswhichdevelopedfacetsduetothecatalyticreaotion
werethosewhichhadthegreatestratesof oxidationat thesametemperature.
A photomicrographofthesurfacenearthe(100)poleis shownas figure12.

Electrol@icphenomena.-Whena crystalofnickelwassubjemtedtoan
alternatingcurrentof1 ampereat 60cyclesina cellcantainimg300grams
ofhydrousnickelchloride,30gramsofboricacid,and300gramsof sodium
chlorideperliter,a faintpatternconsistingofbright(100)regionscox+
nettedby brightlinesrunningthroughthe(lJO)polesformedwithin
15minutes.After1 hour,whena besmoflightwasdirectednormaltothe
mrfaceofthe(100)pole,the(100)regim beceoneverybrightemdgave
strongspecmlarreflectfans,thisfactIndicatingthedevelopmentoffaoets
parallelto the(100)faces.Thesurfaceofthespherewasbadlypitted.
Theuseofalternatingcurrentoffersa siqplemethodofdetezmlnlngthe
electrol@icpref’emntielityofa crystel. .

..
Silver

Thesilverusedheda listedpurity
meltingpointofthepuremetalis966°.

BODY~ CUBIC

Chromim
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of99.9peroentsilver.The
(Seereference2.)
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Thechraiu musedhada listedpurityof98.5peroentch-um.
Themeltingpoint-ofthepuremetalisl@OO.

Gro-tih.-Chro@umwaspurchasedintheformoflargeirregularchunks,
roughly1 inohindiameter,whichcontaineda fewlargecrystals..Because
ofitsextremehardnessandbrittleness,i~is exceedfn@.ydifficultto
machine.Chrotiumcleavesreadilyalongthe(100)planes;thismaybe
easilyseenas smalllinesonthesurfaceofthelumps.Accordingly,the
lumpswereconvertedintospheresby sati”ngandgrinding.An irregular
lumpwasheldina vise,andmen @?oovesweresawedwitha hacksawalong
the%oundariesofa grainandpsmillelto thecleavageplanes.ofthisgrain.
Whena -smallchiselwasinsertedInthegroovesendrappedtitha hammer,
thedesiredgrainshearedfromtheaggregate.Thir3rectangul=blockW8S
centeredina fouz=jawchuckona lathe,anda smallshaftwasgroundon
oneendwiththeaidof.atoolpostgrind=. Becauseofibrlttlenessgreat
caremustbe takenin@riding,andonecutshouldnotexceed0.002inch.
Theshaf’twastlhenheldina colletandtheheadgroundin theapproximate
shapeofa sphere.Itwasthenconverted-morenesrlyintothespherical
shapeby Carew hand+@.ndingagainsta benchg@nder. The..spherewas
completedbymountingtheshaftinthelathecol.letandcarefullypoliahimm
allroughpoints‘withcosrseemerycloth.Theshapeofthefinalcryti~”

F=.%

.

.
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a ~erfectspherebutitwassufficientlyspherical.to indicate
thesymuetryofanypatternformed.

. PoliEhinqo–Thecrystalsweremechanicallypolishedwithnunibers1 to “-
000emerypapers,endbrightsurfaceswereobtainedby electrolyticpolishing
in7&eight+percentsulphuricacid.A fewsmallirregularities,probably
dueto someimpurity,remainedonthesurface,butthepolishingwassatis-
factoryformostoftheexperiments.Thecellconsistedofa 25C+nilli1iter
beakercontaininga cylindricalaluminumcathode.A currentdensityof
10 amperespersqwe decimeterat a potentialof 25voltswasusedsndthe
bathwasstirredtimorously.At thepolishingpointa tiscous,&%rk-oranga
layer,whichwassolu%lein coldwater,formedon thesurface.‘Thecrysi%il
wasremovedfromtiepolishingbathbeforecuttingoffthecurrent.The
finalsurfacewasmarredbyanuniberoffinecracksparallel-tothe(100)
planewhichwereformedduringtheWOwth org@@ing operations.Evidence
thatthestrainedlcqyerhadbeenremovedwasoltainedbytheappearanceof
a sherplydefinedethhpatternwhenthecurrentdensitywaslowered.

oxidation.– Whena crystalwasheatedinairat 400°for3 to10hours
orat 550°forabout10minutes,strikinginterferencecolorswereobtained,
butno patterncouldbe identified.At snyonetimethecolorwasapprox.L-
matelythesameover the entiresurface,butthecolorchangedtithtime
fromstrawtobrowntobluetopurple.Sinoechotiumisof specialinterest
becauseof itsabilitytobecomepassiveandsinceit istheonlyoneof the
metalsformingoxidestithbrightinterferencecolorsandno patternindic~
tiveofpreferent~aloxidation,thiseqerimnt wasrepeatedinvariousfoti
about20timestiththesamegeneralresult.It shouldbepointedoutthat
theoxideftiwhich formson chromiumon exposureto aircannothe reduced

● by heatinginhydrogenat 550°,as isthecasetithcopper,nickel,andiron.

Mineraloil.–Notisiblechangeinthesurfaceor detectableweight
losswasobservedaftera crystalwasalternatelyqosed to airtid
immersedinmineraloilat 200°for24hours.

Oilinessagents.-Whena crystslwasalternatelyexposedto airand
immersedin stearicacidat 200°for24hours,inoneinstancetheweight
losswas0.0056gramendinanother0.0019gram,an averageof 0.0037grsm
(0.050g/sqam). Theinabilitytoreproduceetchingresultsaccurately
wascharacteristicof chromium.I&cmexaminationof thesurfaceitappeared
thatalltheet@ingtookphce nearthelowerendoftheshaftwherethe
aluminumsupportingtirewasattachedtothecrystalduringboththepolish-
ingandetching.~-orderto determinewhetherthisetchingwasinflu~oed
by galvanicact,ionbetweenthetwotif”f6rentmetals,etchingexperiments””
werecarriedoutwithsilverandgoldsupportingWire&fid~so witha glass
supportingrod. Lossesinweightofthesameorderof-tide were. obtainedandtheetchimgwaslocalizedat theendof theghaft.Thusit
wasconcludedthattheetchinginthiscasewasnotinfluencedappreciably
by galvanicaction.It isbelievedthatthelocalizationoftheetching

. at thebottomoftheshaftwasdueto thefollowingcause.””-fi electrolytic
polishingof chromiumit isneces~ towrapthes~pportingtie tightly
totheshaftinorderto oltaingoodelectricalC_w_@ct.1$...h$Eisnot
done,contactisbrokenapparentlyby a passiveor oxidefilmformedon
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thealuminumsupportingwireby theactionoftheelectrolyticpolishing.
No electro@ticpolishingtakesplaceandapparently-nopassivefilmforma
at--thepointsof’contactbetweentie andshaft.Thereforewhenthecrystal
isheatedin stearicacid,onlythismall regionisattacked.It iSthought
thatthis~ alsobe theexplanationforthelackofagreementibetweenthe
aforementionedtwoweight”measurements.In orderto testtheprotective
actionoftheoxidefi3m,a crystalonwhicha purpleoxidefilmhadformed
becauseofpreviousheatinginairwasheatedby +Lternateimersionin
stmaricacidat 200°fork8hours..Theoxide‘wasnot-appreciablyattacked,
as shownby ho weightlossandby an increaseinthedepthofthepurple
color.‘If a coppercrystalcontaininga coloredoxidefilmisheatedin
stearicacid,theoxidefilmis soonremoved.Theeffecton etchingof
destroyingthepassiveoxidefi3mpriortoheatingin ste=icacidwas
tested.A highlypolishedcrystalwasimmrsedinhydrochloricacid.
Rapidreactititookplace,anda definiteetchpatternwasproduced.This
crystalwasthenheatedby alternateinmersionin stearicacidatiOOOfor
48hours.Theweight---lossduringthisperiodwas0.0020gram(0.035g/sq
dm). Becauseof theetchpatternpreviouslyproducedbyhydrochloricacid,
itrwasimpossibletotellwhethertheetchingwaslocalizedon theshaft,
buttheweightlosswasof thesameorderofmagnitudeasthatpreviously
obtainedby etchinga polishedspherein stearicacid. Thus,breakingup
the.pa~sivefilmpriortoheatingin stearicacidseemedtohaveno effect-
on etching,Thefilmapparentlyformedagaininmmdiatelyaswouldbe
expected.~ orderto summarizetheactionof stearicacid,itmaybe
concludedzhatstearicaciddidnotattackchromiumappreciablyat 2000
becauseof theprotectiveactionofa filmof oxide.Heatinginhydrogen
up to 55@ will not removethisfilm,as itiwill.inthecaseof copper,
nickel,andiron.

Whena crystalwa~alternately exposedtoairandimmersedinoleic
acidat-200°for24hours,theweightlosswas0.0017gram(0.022g/sqdm)
andalletching,tookplacenearthepointof contactbetweenthechromium
shaftandthealumlnumsupportingwire.

Chemicalpolishingagents.-No change,inthesurfaceor detectable
weight10SBwasnotedwhena crystalwasalternatelyexposedtoairaud
imnersedintricresylphosphateat 200°for24bars.

Commercialoilsy-No changeinthesurfaceor detectableweightloss
wasnotedwhena crystalwasalternatelyexposedtoairandimmersedin
newaviaticnoilat 200°for24hours.

A slightigainof0.0002gram(0.007g/sq.dm)wasobtainedwhena
crystalwasalternatelyexposedto air andimmersedinusedaviationoil
at 200°for24hours.Veryslightpreferentialetchingwasnotedwhere
thesupportingaluminumwiretouchedtheshaft.

Amines.-Noweightlosswasnotedwhen.acrystalwasalternately
exposedto
slighttan

airandimmersedindodecyl.amineat
colorwasapparentonthesurface.

200°for24hours.A
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ReexrUementduetoactionofhotgases.-No apperentreactiontook
placewhena crystalwasheatedfor-5hoursina 7:1mixttieofhydrogen
sndoxygena%4000to4600.

Passivity.-Whenan electrolyticallypolishedcrystalwasimmersed
inconcentratedsul.phuricacid,a strikingetchpatternappearedalmost
immediately.An energeticevolutionofhydrogenoccurredbutsoon .
diminishedwithtime. ~ severalminutesthepatternalmostdisappeared,
thesurfaceassumeda dullgrayappearance,thehydrogenevolutionstopped,
andthemetalaypsrentlybecamecompletelypassive.Dippinginconcen-
tratedhydrochloricacidrestoredtheactivity.Re-immersioninthe
sulphuricacidrestoredtheetchpatternuntilpassivitysetinandthe
patterndisappeared.

Theironusedhada listedpurityof99.8percentiron,0.012percent
carbon,0.017percentmangsnese,anda traceof silicon.Themelting
pointofthepuremetalis1535°.

Growth.–Aftermanyattempts,singlecrystalsweregrownby the
strain+mnealmethodinArmcoironrodsfromwhichtwospheres,about
1/2inchin diameter,weremachined.Thesecrystalsweresatisfactory
forthedesiredchemicaltests,buttheprinciplesinvolvedendtheexact
conditionsnecessaryforthegrowthof thesecrystalshavenotyetbeen
detemuined,althougha definiteattempthasbeenmadeto do so. Attempts
by othersto obtainandunderstandthegrowthoflargecrystalsof iron
havebeensunmarizedinrefermce2. Additionalexperimentscarriedout
inthepresentstudy,wherebythetwosinglecrystalsphereswereobtained,
aresummarizedas follows.

It shouldbe rememberedthat,althoughsmallsinglecrystalsof iron,
oftheorderof1/4inchby 1/2inchby 1 inchandofvariableshapehave
beengrownbyothersfromsolidbarsby usingseveraldifferentmethods,
noreferenceshavebeenfoundon thegrowthof crystalsof thedesired
size,1/2inchto5/8inchin diameter.

By followingthesuggestionofCioffiofBellTelephmeLaboratories
tha:tthestrainproducedingoingfromthegammatotheal.phqphaseat
910°wascapableof causinggraingroti.with.ironoftheproperpuri@,
a pieceofAmmo iron,1/8Inchin diameterand5/8inchh length,was
heatedto 1450°overa periodof48 hoursinhydrogenandthencooledover
a periodof 24hourstoroomtemperature.Itwasfoundtobe a.single. crystalexceptfor‘aclusteroffourtinycrystalliteon oneside.An
attemptwasmadeto obtainsimilarresultswithlargerArmcorods,1/2inch
orgreaterindiameter,by usinglongerdecarburizingandannealingtimes.

. Althoughlargeirregulargrainswerecoggist@ilyproduced,several grains
of differentorientationalwaysmetat thecenterof therod. Thesegrafns
hadirregularboundariesincontrastwiiihsnmothboundeubiesgenerallycharac-
teristicof completedgrowth,butfurtherheatingbelowthetransition
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temperatureproducedno change.Forthedecarlmrizationat 1450°andfor .
otheruses,a specialmolyhdenum=woundfurnacsewasconstruoted,in which
boththewindingsaPdannealingCM eroperatalinhydrogen.

.
A sexmleof electrolyticiron,of-99.9percentiron,wasmeltwdinan

abnosphere-ofhydrogenin-acrucibienmde
forma rod1/2inchin,dhmeter. Thebar
amnealedat870°for4 days.Theresults
obtained.Thesameprocedurewascarried
containing99.7percent-iron,butsimilar

A nuder of’experimentswerecarried
annealmethod,largelystudiedbyEdwards

of-Nortontit, W 922,to
wasdecarlxzrizedat1400°and
weresimilartothosepreviously
outwithironcerbonylpowder
resultswereobtained.

outwiththedecarlnrriz~tra~
andPfeil(referenoe6). Anneali-

ng anddecar~uriz~ng-temperaturesfrom7-50°to1400°wereemployedand
Armooironwasused.Thebestresultswereobtainedby usi~ a $-inchbar,

decar%urizedat950°for10hoursinmoistvhydrogen,strained3 percent,
andannealedinhydrogenfor6 -s. A thinlayerof snmllcrystalsgener-
allyformedonthesurfaceinthismethod,butitheinsidecontainedlarge
crystals,generallyoccupyingone-fourthto three-fourthsof’theentire
crosssec’hion.Ih onecasea crystalformedcompletelyacrossthebamand
3/4inchad.- thelmr. Itwasfromthisbar thatthelargersphereused
intheselexperimentswasout.

—
@successfulattemptsweremadetorepeat

thisexpe:-iment. —

Sinceadditionalironcrystalsaredesiredforfurtherexperiments .
becauseof’theimportanceof themetal,theseexperimentson thegrowth
of ironareb+ng continued.High-temperaturefurnacesanda mechanical
stretchingmachinearenowavailableinthis.laboratory.TMs shouldnow
facilitatethestudyof crystalgrowthby thisparticularmethod.The
effectof..grainsize,purity,amountof strain,temperatureandtimeof
decsrburizingandarmealingwillbe investigatedfurther.

Machin~.– Thelargecrystalsintherodstreatedas iutheforegahg
sectionarelocatedby etchingindilutenitricacid. Oftenad~oininggrains
arenot-heldtightlytogetherandmay~e brokenapartby tappingtitha
smallhamer. GeneraUythegrainswillwithstandfairlystrenuous
machiningoperations.Eventhougha crystalmayextendcompletelyacross
thebar,it--alwaysextendsfora greaterlengthonme sideofthebar
thanonanother.Theharis,therefore,mountedeccentricallyonthe
lathesothabthecenterofthedesiredcrystalislocatedinthecenter
lineof’thelathe.Therodmust-beetchedinacidoccasionallytQrelocate
theboundariesoftheci’ystal.Themachiningofironinthisformis
similartothemachiningof casttiron,thesametoolangles,speeds,an&
depthsof cuttinghavingbeenfoundsatisfactory. ,. - “m—

m–.
PoliSlling.-Thespheres;werefirstmechazd.tallypolishedby me-bd.1~

—

graphicemi3rypapersnumbers1 to0000.Verybrightandsmoothsurfaces
wereobtainedbyelectrolyticpolishingby usingthemethodof
Rocquet(reference7), Thecellconsis%edofa 25~iliter
taini~125millilitersof solutionanda cylindricalaluminum
Thesolutionwasstirredvigorously,andthecellwasimmersed

Jacquetand .
beakercon-
cathode.
iniced
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watertomaintainthetemperaturebelow25°. Thepolishingsolutionco-
sistedof76.5percentofaceticanhydride,18.5percentof 70-percent
perc%loricacid,and5 percentofdistilledwaterby volume.Thecurrent ‘-
densitywas4 to 6 amperespersquaredecimeterat a potentialof.25to
30volts.

A fewpreliminaryresultson oxidationandetchingofa sphereof
ironcontainingseverallargecry8talshave%eenpreviouslydescribedin
reference2..Theseexperimentshavebeenrepeatedwiththespherescon-
tainingonecrystalonly. Theresultsme aescribedinthefollowing
par~aphs.

oxidaticm.- ~eryindistinctinterfermcecolorpatternsyereobtained
whena crystalwas-heatedrapidlyinhydrogento 250°to400°andoxidized
inairat thesetemperatures.However,whenthecrystalwasprevioudy
heatedinhydrogenat5>0°for2$hoursandthenoxidizedin oxygenat
240°for3 hours,a veryUstinctsmdcomplexpattez%wasoirbained,as
shownby figure4. It is Ufficultto describethispattern,%utimportant
featureswere: a largebluesqusreat the(100)polesurroundedby a
narrowdark-purpleband,broadvioletdiffuseties connectin&cornersof
thesqus.reat the(100)poletotheneighboring(ill)poles,a verysharp
andminutedark~luetriangleat the(ill)pole,verysharpendnarrow

‘ clerk-brownlinesconnectingneighboring(ill)poles,a smslllight-blue
diamondat the(110)pole.“Theareabetweenthesquareat the(100)pole
andthe(110)polewasa verylightstrawcoloranda regionoflowrate.
The(100)end(lJl_)regionsappesrtobe regionsofhighrate.

Mineraloil.-Veryfaintpreferentialcolorfilmsformedin 24hours
onalternateimmersionat 200°inmineraloilandair,andno weightloss
orvisibleetchingwasdetectable.A faintbutpreferentialetching
occurredwhena crystalwassuspendedabovetheliqyidmaintainedat 200°
for24hours,andtheweightlosswas0.0002gram(0.001g/sqdin).

Oilinessagents.-whena crystalwasalternatelyexposedtoan atmos-
phereoftankhydrogenad imnersedin stearicacidat 200°,a definite
etchpatterngivingspecularreflectionsfromthe(100)snd(110)regions
appearedin 3 hoursandremaineduntilthecompletionof“theexperiment.
No severepittingwasobtained,butthesurfacewaspreferentiallyroughened,
the(11.1)regionsremainingquitesmooth.Theweightlessafter24hours
was0.0131gram(0.385g/sqb).

.-
Whena crystalwascompletelyimmersedbelowthelevelof steericacid

at 200°for24hours,theweightlosswas0.0564gram(1.15g/sqdin).
Strikingreflectionsnormalto thesurfaceinthe(lIO)regionswereobtained,
butno pittingwasobserved.Whena crystalwasalternatelyexposedtoair. endimmersedinliquidat 200°for24hours,theweightlosswas0.3470gram
(10.02g/sqdm). Within5 minutesa verystrikingetchpatternsimilarto “
thatproducedby stearicacidinan atmosphereofhydrogenwasobtained.

. Powerful.reflecticmsandseverepittingdevelopedin 2 hours.At theend
of 24hoursreflectionsnormalto thesurfaceinthe(110)regionswere
still.yisible,andveryseverepittingofthesurfacehadoccurred.Under
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themicroscope well-developedfacetswithinthepitswerevlslble.The .
surfacesurroundingthepitsshowedstrikingint=f’eracecolorsindicative
ofoxide.Thepresenceof thisoxidesuggeststhatthepittingisdueto
galvanicactionbetweentheoxide-coveredareaas cathodeandthepitas
anode.In thebeginninga pitmaybe startedby an impurityor somelocal

.-

disturbance.It is sf~fi~ant-ttitinexperimentsin-
inoxygen,suchas thoseconducted.intankhydrogenor
belowtheliquid,littleorno pitting was obtained.

Whena crystalwasalternatelyexposedtoairand
acidat 200°,strongreflecti.cmsnormal.tothesurface

atmospheresdeficient
withthecrystal

.—

immersedin oleic
in the(110)regions

developedwithin1 hour. Severepittimgoccurredwithin2 hours.After
8 hoursthecrystalwassuspendedbelowtheliquidforanadditional
11hours,andthetendencytopitwasgreatlyreducedalthoughreflecticms
fromthe(110)regionswerestillobtained.TheweightloBsat theend
or19hems w-as0.6373mm (7.97~/sqti).

Chemicalpolishing~ ents.-Whena crystalwasalternatelye~osed
toairandimmersedintiicresylphosphate-at200°for24hours,a slight
filmforaedfollowedby slightpreferentialetching.Theweightlosswas
0.0004gram(0.001g/sqm). Slightpittingtookplace.

—.

—

Commercialoils.-Aslightpreferentialcolorfilmwasformedwhen
a cry=.Lwasalternatelyexposedtoairandimmersedinnewaviationoil
at 200°for24hours.A bs,reiydetectablegaininweightwasobtained.

Whena crystalwasalternatelyexposedtoairandimmmwedinused
aviationoilat 200°for24hours,veryfaintreflectionswerevisible
butno weightlosswasdetectable.Thesurfacewascoveredtitha thin
brownlacquerwhichcouldbe readilyremovqdwhilehotbyrubbingwith
tissue.A faintstrawandbrowninterferencecolorpatterncouldthen
be seen.Whena crystalwassuspendedabovetheliquidat 200°,a slight
lacquerformedandfaintbutdefinitereflectionscould%eseen,butno
weightlosswasdet~cted.Whena crystalwasalternatelyexposedtoaip —
andimmersedinliquidat 300°,heaw irremovablelacquersformediu
30 to40minutes.

—
Weightmeasurementsweremeaningless. —

Amines.-Whena crystalwasalternatelyexposedtaairandimmersed
inmines at 200°,en etchpattern,exhibitingspecularreflectionsfrom
the(1.10)regions,developedin45mihutes.Theweightlossafter24hours
WaS0.0006~am (0.002~S~ dm)a An interferencecolorpatternsimilxrto
thato%tainedby oxidizinga crystal in airat-200°withoutureviousanneal-
inginhytioga-vasobtafned.-

Wetting.-Whena crystalwasheatedin ste=icacidat 200°in
atmosphereoftankhydrogen,itremainedcompletelywetwhenraised
theliquid.

. .—

an
above .—

When~“ironcrystalwassuspendedabovethelevd of stearfcacid .
afterbei~ alte==telye~osedtoairandimmersedin theliquldat 200°
at therateof15 timespermimutejthefilmcoveringthesurfacebroke
androlledoffthecrystal.Theactionwassorapidthat itwasimpossible
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* to tellwhetheritwaspreferential.However,whenthecrystalwasimnersed
belowthelevelof theliquidfor3 to 5 minutesandthenraisedaboyethe
liquid,a verystrikz wettingeffectwasobtained.Thefilmtucmeddark

. lmownin colorwithinseveral.secondsandbrokeat smallcircularregions
at the(110)poles.Thefilmrecededfromthesepositionsendgavevery
striking,complicated,ad symmetricalpatternsas itmoved,untildrops
finallytookup theirpositionat the(Ill)regionsas shownby figure13.

A crystalremainedcompletelywetwhenraisedaboveoleicacidat
200°.

Rearrangementduetoactionofhotgases.–Whena crystalwasheated
ina 7:1mixtureofhydrogenendoxygenat 400°to460°,no catalytic
reactionwasnoted.Thesurfaceoxidizedpreferentially.

HEXAGONALCLOSE-PACKEDSTKWHWE

Cadmlm

Theceiimiumusedhada listedpurityof99.9percentcadmium.The
mltlngpointofthepuremetalis 321°.

Grow%h.–Afterabout15unsuccessfulattempts>a satisfactorysingle
crystalof cadmium,5/8inchin diameterby about8 inchesinlength”and
pointedat oneend,wasgyowninan evacuatedglasstubeby loweringf?om
an electricfurnaceat a rateof3/8inchperhour. Thefurnacewasmaint-
ained ata temperatureofabout370°,whichis50°abovethemelting
point.Z’riortomelting,theglasstubecontalmingthemetalwasevacuated
ina secondfurnacemaintainedat450°,andcarewastakentoremoveall
airbubbles,especiallyfromthetip,beforesealingfromthepreps. This
wasdoneby carefullytiltingendshakingthetubewhilethemetalwaskept
moltenovera gasflame.Thetubewasthenretqrned..tothemeltingfurnace,
sealedofffromthepumps,andfinallyplacedinthefurnacefromwhichit
waslowered.Evenwiththisprecautionblowholesformedonthesurfaceat
solidification.Cadmiumfromseveraldifferentsources,withlistedpuri-
tiesof99.8percentcadmiumorgreater,wasused. h mcmtcasesthe
severalcrystalswhichfirstformedat thebottomoftherodgrewvertically
andretainedtheircross-sectionalereathroughoutthelengthof therod.
TMS effectwasonlyfoundwithcadmium.Thetemperatureofthe~ce
shouldnotbe morethan50°abovethemeltingpointofthemetal.No
ecrplanationhasbeenfoundforthedifferenceinbehaviorof cadmiumfrom
theseveralsources.Allmetalusedwasconsideredtobe ofa highpurity.
Unsuccessfulattemptsweremadeto growcadmiwncrystalsintheformofa
sphere.

s Machini~.- Sincecadmiumhasthehexagonalstructure,it sheusalong
the(0001)plane.It isnota brittlemetalanddoesnotcleavereadily
duringordinerymachitinglikezinc,but,beinga softmetal,it tendsto .-
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flowreadilyalongthe&es& ~lanes.Whena rodwiththe(0001)planes
runningalmostperpendicularto theaxiswascutcrosswayswitha thin
abrasivewheel,a definitelumpformedonthefa sideoftherodwhenIt
wasCu$ha2f+aythrough.me sameeffectwasobtainedwhentherodwas
pressedagainsta dullknifeblade.Sphereswerecarefullymachinedfrom
therodbyusinga techniquesimilertothatemployedtiththesoftmetal
tin,describedunderBODY~ TEIZRAGoNALS!I!RUOTURE●

l?olishing.- Thespheresweremechemicallypolishedwithmehllographiu
emerypapersnumbers1 to 0000,coatedtitha solutik ofparaffininkero-
sene.No suitablemethodof’-electrolyticallypolfshingcadmiumcouldbe
found.A fairpolishwasobtainedby vigorouslyagitatingthecrystalh
concentratednitricacidfor1 to 3 minuteE.Thecrystalwassupportedby
a platinurewireendafteretchingwasrapidlyremovedfromtheacidand
immersedtamediate~ina streamofwater.ThecompleteremovsZofthe
strainedlayeronthesurfacewaadeterminedby theaharpes8ofthepattern
producedby etchinginhydrochloricacid.

O@dati.on.-Sincecadmiumoxidecannotbereadilyreducedby heatingin
hydrogenata temperaturebelowitsmeltingpoint,theoxidationpattern
obtainedwasnotas distinctas thoseobtainedwithcopper,nickel,andiron.
Whena crystalwasheatedinairat200°for19hours,a pattenformedin
2 hoursandincreasedinintensityuntiltheendoftheexperiment.The
patternis shownasfigure5. Thetwolargewhitespotsinthecenterof
thecrystalarereflectionsfromthesourceofilluminationandshouldnotbe
consideredaspertof’thepattezm.Thepatternconsistedof smoothandrough
regionswitha fewnaturalcolorsshowingincertainregionswhenthecrystal
wasexeminedwitha flashlightina darkcmedroam. No interferencecolors
werevisiblewhenexmdnedwithina tubeof%hitepaper.A largehexagon–
shapedregicmcenteredatthe(0001)poleremainedverysmooth,andunder
themicroscopeat a magnificationof600~ere appearedto beno chaugein
thesurface,Sixirregulardark+rownregions,cmeoppositeeachsfde05
thehexagonandshowingasdarkareasinthephotographs,weretheroughest
regi.ans.Radlatingframeachcornerofthehexagonweresixmlsty+lue
lfnes.FaintspecuJ.ureflectionsappearedfrcman entirehemispherewhen
a beamoflflghtwasdirectedatthesurfaceatthe(0001)pole.Underthe
microscopetinyblaakdotscouldbe seenbutthesewerenotresolvableata
magnificationof600enditisnotlcmunwhethertheyweredefinitefacets
whichmightberespmsibleforthespecularreflectims.

Mineraloil.–Whena crystalwasalternatelyexposedtoairamdimmarsed
inmineraloilat 200°for24hours,theweightlosewas0.0629gram
(0.97g/sqdm). Within2 hoursa li@t-brownpreferentialoxi~efilm~
onthesurface,andsoonthereafterpreferatialetchingbegan.Stringreflec–
tionswerec,btainedfromthe(0001)regionwhena beamoflightwasdirected
normalto thesurfaceatthispoleyosition,butingeneralthesurfacewas
notgreatlyroughened.

Oilinessagents.-Whena crystalwasalternatelyexposedto air
imnersedin stearicacidat 100°fmr24hours,theweightlosswas
0.1179~am (1.81g/sqdm)andthesurfaoewasetchedpreferentially
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. withthedevelopmentof (0001)planes.Weekspecularreflectionswerealso
obtaiaedfromseveralotherminorplanes.Withtheliquidat 200°endwith _
thessmemethodof hnersion,theweight10SSW= 2.4295~u (37=4.g/8qdm)-.

. Theentiresurfacehada mistyappesxsnceandonlyveryfaintreflecticms
weretisible.Whenthecrystalwassuspendedabovetheliquid,thefilm
brokera~idlyandsettled@ smsU dropsonthesurface.Thedropsoscil— .
latedvigorouslyonthesurfaceIna mannersimilarto thebehaviorof
stearicacidonlead,butitwasimpossibleto identifymy preferential
arrangement.

Whena crystalwasalternatelyexposedto airandimmersedinoleic
acidat200°for24hours,theweightlosswas2.001grm (32=3g/sqti~”
andtheappearance.ofthecrystalwasidenticaltothatobtainedwith
etesri.cacid. Thecrystal.wasccmpletel.ywetby theliquid@ing the
entireperiod.

Chemicelpolish@q agents.–Whena crystslwasalternatelyexposed.to
airandimnersedintricresylphosphateat2000for24hours,a slightfilm
firstformedonthecrystal=d preferentialetchingtookplacelater.The
weightlossat theendof24hourswas0.0026gram(0.043g/sqdin).

Conunercialoilg.–Withalternateexposureto airandbmmrsioninnew
aviationoil.at 200°,a faintandindistinctpreferentklcolorfilmfcgmed.
Fatitreflecticmsdevelopednormalto thesurfaceinthe(0001)regions.

—

Theweightlosswas0.000kgrsm(0.006g/sqdin).

Withalternateexposureto airandi?muersioninusedaviationoilat
200°for24hours,Preferential.etchingtiththedevelopmentof (OOQ1)planes _
andthefozmationofa faintpreferentiallacquertookplace.Theweight
losswas0.0009~sm (0.013g/sqdm).

Amines.–Withalternateexposureto airandimmer~ionin dodecylamine
at200°for24hours,a yellowfilmwhichcouldbe pertlywipedoffwith
tissueformed.=eferemtialetchiruzwhichdevelopedthe(0001)planes
tookplace,endtheweightlosswas-0.0122grsm

Ztic

Thezihcusedhada listedpurityof99.99
pointofthepuremetalis419°.

(i).204g/sqdm).-‘

percentzinc.Themelting

.

Growth.-Sincezincsinglecrystalsshearveryeasilyonmachining,
crystalsintheformofa sphere,5/8inchin disneterwitha shaft5/16inch
indiameterby 1 inchin lengthextendingfrcmoneside,weregrownin a
@.aSSbulb. Thiswasmadeby blcwtiga glassbulbof thedesiredsizeon
theendofa 10-mil.llmeterPyrextube,endsufficientmetalwasplacedinthe
tubeto forma shaftextendingabout1 inchabovethebulb. Thetubewas
evacuatedandsealedofffromthepumpafterthemetslhadbeenmeltedand
allpossibleairbubblesremoved.Themeltwasloweredat therateofabout
1/2tichperhourfrmuthefurnacemaintainedata temperatureofabout470°. .
At thetimewhenthezinccrystalsweregruwn,thepractice,whichwasdevel-
opedfortin,ofattachinga smalltipatthebottomofthebulbforthe
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developmentofa Mnglenucleus,hadnotbeenadopted.Withouttheuseof
thistipc@.yaboutme outoffiveattemptswassuccessful.Withvery
greatcsrese~ralsphereswerealsomachinedfroma s@le crystalrod
butgrow%hInihesphericalformas describedwasfetidtobe prefer~ble.““
Themachiningofzincissimilaringeneraltothatofbismuth,described
underRECWiBOHEDRALSTRUCTURE,exceptthatgreatercareshouldbeusedand
thecutsshouldbe onlyabout0.003tnchdeep.

Polfshinq.-Tnespheresweremechanicallypolished#~themerypapers
numbers1 to 0000,andpsmd’fininkerosenewasusedasa lubricant.They
wereelectrowcallypolishedby themethodofVernonandE%roud
(reference8). Thespherewassupportedshaftupwardbymeansora
number18XI.& S.gaugezincwireinsertedthrougha holeIntheshsft.
Thecellcc,nsistedofa 25&millil.iterbeakerccnrbqininga cylindricalzino
cathode.Thesoluticmwasstirredvigorouslytopreventpitting.Ertremely-
brightsurfaceswereobtainedata current-densityofSOamperespersquare
decimeter.at a potentielof5 volts.A sharplydeftriedelectrolyticetch
patternshowingthesix-foldsynunetryaboutthe(0001)polewasvisibleat
lowcuza’entdensitiesefterthedisturbedmetalhadbeenetchedaway. ,--

oxidatlon.-A definite-inteflerencecolorpatternformedwithinsamal——
hoursandcontinuedinintensityfor~ hourswhena crystalwasheatedin
airat 400°.ThefineLpatternoonsistedofa–yellowhexagonofabout
9 milliliters.indiameterlocatedatthe(0001)poleandyellowislwred
circularregicmsof5 millimetersindiameterlocatedoppositeeachside
ofthehe~on andat~ositions90°to the(0001)pole. Blu~een lines
radiatedfrcmthecornersofthehexagcm,enda narrowPur@e border
extendedaroundtheperipheryoftheyellowhexagon.Itappesredthat
theregionwithinthehexagawasoneoflowratewhereasthebordersur-
roundingthehexagmhada campsmatIvelyhighrate. A photographisshown
asfigure6.,butthisdoesnotdo ~ustioeto thepatternexceptto show
roughlytheoutlineofthehexagon.

Mineraloil.–At 100°theweightlosswithalternateInmersi.onh an
atmosphereofairwasnegligibleafter24hours.At200°theweight10ss
withalternateimmersimwasnegligibleandwithcompleteimmerstmitwas
verysmell(0.003g/sqdtn),butonbeingsusyendedimmediatelyabovethe
mineraloilthelosswasquiteappreciable,0.0033gram(0.033g/sqam)
after24hourssnd0.0127grsm(0.127g/sqdm)efter~ hours.Thecrystal
suspendedabovetheliquidshowedverypronouncedcorrosionendgavean
etchpatterr.tithspecularreflecticmsfrom(0001)facetwwhena beamof
llghtwasdirectednormalto thesurfaceat thatpole. It.is interesting
thattherateofattackby thevolatileconstituentsoftheoilinsn
atmospherecfairwasgreaterthentheattacktitheitheralternateor
completeimmrsim.

Oilinessagents.-Zincwasingeneralgreatlyattackedby stearicacid.
At 100°verypreferentialetchingoccurredwhena crystalwascmnpletily
fmmersedbelowtheliquidfor6 hours.Strongreflecticmswereobtained
whena beamoflightwasdirectednormaltothesurfaceatthe(0001)pole.
A solidmaterialgraduallyformedwhichwhentipedoffwithtissuegave
a strikingfigmewithsix-foldsymmetv,as sham by figure10.
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Apparentlythesolidmaterial.waseasilyremovedfroIuthesmoothregions
butremainedintheroughenedregionswfthwell~velopedfacets,showing
upwitha dull-graycolorwhenexaminedwithina papertube. Theweight
lossin6 hourswas0.0396gram,whichcouldbe extrapolatedtobe
1.76grampersquaredecimeter-perday. At 20Q0a l~sm spherelost
0.5402graminl hour(7.72g/sqdin).Taintreflectionswereobtained
butthesurfacesoonbecamecoveredwitha solidmaterialwhichwasinsolu-
bleinanyofthecommonor~ic solvents.

At 100°whena crystalwasimmersedbelowthelevelofoleicacid,an
excellentpatternsimilarto thatobtainedin stearicaciddevelopedina
fewminutes.Thepatternincreasedin intensityfor1 hour;thenitrapidly
becamecover,edtitha uniformdull-graymaterialwhichwasprobablyztic
oleate-d onlyslightlysolubleIn oleicacid. Theweightlossin24hours
was0.1321gram(1.65g/sqdin).h an atmosphereofhydrogenpurifiedby
passageoverhotcoppertheweightlosswasreducedtoabouton~ of
thslossinairbutinallotherrespectstheattackwaspfmilsrto that
inair. At 200°theattackwiththecrystalbelowtheliquidwassimilar
tothatat 100°. Theweightlossin 1 hourwas0.0552gramoran extra-
polatedlossof12 granspersquaredecimeterperday. A crystalsuspended
abovethelevelof theliquidlost0.1868gramin 24hours(1.55g/sq&n).
Theattackwasconcentratedintheregionnearestto theliqtidandwas
preferentialwithfacegivingreflectionsfromthe(0001)and(1100)planes.

Chemicalpolishingagents.–~ tricresylphosphateat 100°a zinc
cryqtalremainedunalteredafterexposureby alternateimmersioninliquid
andairfor24hours.At 200°thesurfacebecamecoveredwitha colored
lacquerin severalhours.Preferentialetchingwiththedevelopmentof
(0001)plenesthenoccurred.Theweightlossin 24hourswas0.0Q21gram
(0.0175g/sqdm),

commercialolls.-At 2000after24hourswithbothalternateinmersion
andsuspensionabovenewaviationoiltheweightlosseswerenegligible;
withimmersionbelowtheliquidthelosswassmall,0.0006gram(0.004g/sq
din),andveryfaintreflectionswereobserved.At 300°belowthelevelof
theliquidfor24hoursthecrystalbecamecoatedwitha heavyblacklacquer
whichwasreadilymi%bedoff;theresultwasa color patternwithsix-fold
syuun.etryaboutthe(0001)pole. A weight-lossmeasurementin thiscase
wasmeaninglesssincebothetchingandlacquerformationtook@ace simul-
taneously.Whena crystalwassuspendedabovetheliquidat 3000for
24hours,definitepreferentialetchingwasvisibleandtheweightloss
was0.0016gram(0.013g/sqdin).

At 1000after24hourswithalternateirmnersioninusedaviationoil
a thinblackfilmwhichwaseasilyrubbedoffformedwithoutanychangeto
thesurface.At 2000after24hourswithalternate-rsion theweight
losswas0.0013gram(0.013g/sqdin);tithcompleteimmersionitwas
0.0031gram(0.028g/sqdin);tithsuspensionabovetheliquiditwas

. 0.0025gam (0.023g/sqb). Thecrystalheatedby alternateimmersion
wascoveredwitha blackdepositwhichwaseasilywipedofffromthe
entiresurface.Noreflectionswereobtained.Thecrystalimmersedbelow
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thellquidhada stmikingetchpatternwithstrongreflectionshatinga .
six-foldsymmetryat the(0001)pole. .-.—-

Amines.-At 100°afteralternateimmersionin dodecylaminefor24hours .
a crystallost0.005gram(0.045g/sqdm)anda preferentialetchpattern
withsix-~oldsymmetrywasobtained.At 200°afteralternateimmerstonfor
24hoursa crystallost0.0075gram(0.0~8g/sqdm)anda patternsimilar
to thatobtainedat 100°wasformed.A crystalcompletelyImmersedfirst
showedpreferential.etchingbutthenbecamecoatedwithan Insolublefilm.
Theweightlosswas0.0036grsm(0.033g/sqdin).Sinceintheseexperi-
mentstheetchimgappearedtobe rapidat thebeginningof theexper-t,
itappearedthatattacktisMnitedby theformatlmofan insolublefilm.

Electrodeposition.-Zincwasdepositedona zincsingleorystifrom
a solutionof60gramsof zincchloride,84gramsof sodiumcyanide,and
60gramaof sodiumhydroxideperliterwitha currentdensityof
4 milliamperespersqwe decimeter.Thedepositionwaspreferenthl.
withplanefor8 to10hoursas shownby preferentialreflectionsfromthe
(0001)aud(1100)planes;Thesereflectionsappearedwithin10minutes
ofthestart.After10hoursthedepositbecamerandomlyortented.

.
Evaporation.--A crystalwasheatedat 400°for~ hoursina glass

vesselevacuate&bya I&vacpump. Verypowerfulreflectionswereobtained
whenthelightwasdirectednormalto thesurfaceat the(0001)pole,and
weakerreflectionswereobtainedfromotherregionswhenthelightwas
dfrectednomnalto theirsurface.Figure17 showsa photomicrographof

.

thesurfaceat+he (0001)pole. Condensationof zincina vacuumon the
wallsofa glasstubealsoresultedin theformationofglobulesshowing
well-devel,opedfaces.

REoMBoiIEIX#LSTRUCTURE

Bismuth

Thebismuthusedhada listedpurityof99.8pezwent
meltingpointof’thepuremetalis271°.

Growth.-Sin@e crystals,about1/2inchin diameter—-
lengthandpointedat oneend.,weregrowninan evacuated
samemethodusedforcadmium.Thefurnacewasmaintained

—
----

bismuth.The
-.

by 4 inchesIn
glasstubeby the
atabout”325°.

Bismuthfarmstwincrystalsveryreadilyanda nuniberof trieswarerequired
beforea satisfactorycrystalwasobtainedf%oxuwhicha spherecouldbe
machined.Whenthecrystalwasremovedfromtheglasstubesmanysliplines .
whichhadformedon coolingcouldbe seenon thesunface.Attemptsbgrow
a crystalinthesphericalshapewereunsuccessful.

and
rod

MachlninR.-Althoughbismuthis quitesoft,it
easilybroken.Spheresweremachinedwithcare
by usinga toolwitha negativerakeandtaking

.

.-

is also remsrkab~br~ttle -~
fromthesinglecrystal
cutslessthan0.004.Inch.

.+
—
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: Toolswitha positivereketendto diginandbreakthecrystal.Cutting
oilisunnecessary.Itwasobservedthatmachiningproducedpatcheson
thesurfacewhichresetiledetch-pitsproducedbypreferentialchemical

. action;Underthemicroscopethepatohesappearedas smallpitshaving
onesideflatandtheothersrough.Apparentlytheflatsiderepresented
a preferred.crystalplanefromwhichsmallchunkshadbeenshearedby--the
actionofthetool.Thiseffectindicatesthecommondependenceofphysical
aswellas chemicaleffectson crystal.plane.

Polishing.–Thespheresweremechanicallypolishedwithemerypapers
numibersO to000. Cerewastakennottopressthepaperstootightly
against.thespherein ordernotto sheerthespherefromitsshaft.It
wasnecesseryto developa methodof electrolyticpolistingforbismuth.
Theelectrolytewasa mixtureof 940millilitersof saturatedpotassiuzp
bromidesolutionand60millilitersofconcentratedhydrochloricacid. The
cellconsistedofa cylindricalleadcathodeemda glassstirrerina
25Wmi11.iliterbeaker.Thecrystalwassupportedshei’tupwardbymeansof
a nuniber22B.& S.gaugeplatinumwirewhichM.dnottouchtheliquid.
Brightandsmoothsurfaceswereobtainedat a currentdensityofapproxi-
mately100amperespersquaredecimeterat a potentialof7 to 8 volts.
PQlishingbeganwithinseveralminutes.Thebrightestsurfacewasobtained
by remo~ thecrystal.fromthecellwithoutbreakingthecurrent.The
crysKlwaswashedina solutionof saturatedpotassiumbrofidesolution
inordertoremovemy lismuthoxychlorideor oxybromide.A sharplydefined
etchpatternshowingsix—foldsymmetryaboutthe(0001)polewasvisible -
at lowcurrentdensitiesafterallofthedisturbedlayerhadbeenremoved.

0xl&3tion.-Whena crystalwasheatedinairat 230°for18hours,a
patternof specularreflectionswasobtained.Whena beamoflightwas
directednormalto thesurfaceat the(0001)pole,reflectionsfromthree
narrowbandsrunningat 120°to eachotherandextendingfromthe(0001)
polecouldbeseen.Reflectionsfromthecenterofa bsndwerealsoobtained
whenthelightwasMrectednormalto thesurfaceat a position450from
the(0001)polealongtheband. Whenthepatternwasviewedtithina cone
ofpaper,theareasefiibitingthesespeculerreflectionshada dark+rown
appearance.

Mineraloil.–Whena crystalwasalternatelyexpos”edto airand
imnersedinmineraloilat ~0° for24hours,a patternof specula
reflectionsidenticalto thatdescribedintheforegoingsectionwas
obtained.Theweightlosswasveryslight,0.0002grti(0.003g/sQh).

Oilinessagents.-Whena crystal.wasalternatelyexposedtohydrogen
andimmersedin stearicacidat 200°for24hours,a very slightprefe~
entialetchingtookplaceandtheweightlosswas0.0009gram(0.018g/sq
dm)●

-,

Onalternateimmersi~in stearicacidat 100°for24hours,deep
. pittingoccurredonvariouspartsofthesurface,andtheweightlosswas

0.1.633gram(2.34g/sqdm). Someofthepitswereas dOepas i millimeter
andpowerfulreflectionswereobtained.fromthesidesof thepits. At
200°noappreciablepittingwasobserved,anda strikingetchpattern
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similarto thatobtainedon oxidationdevelopedin severalminutes.Three .
ermsmakingsinglesofE@ witheachotherradiatedframthe(0001)pole.
Theseregimswereveryroughandtheregionsbetweentheexmaweremoder-
atelyrcughbutexhibitedno specularreZlecticms.A trianglearoundthe
(0001)rolewasverysmooth.
(33:8g/’sqti).

.
Thelossinweightin24hourswas1.555grams

Whenthecrystalwassuspendedabovethelevelof tile
liquid,thefilmbrokeslowly,movedoverthesurface,andthenbecamevery
viscous.Nopreferentialwettingcouldbe detected.Tnan atmosphereof
hydrogenthesmfaceremainedcompletelywet.

~Nrcial oils.-ld%eralternateexposureto airandimmersiaain
newaviationoilat200°for24hours,a slightnonpreferentialtancolor
formedonthesurface,endno weightlosswasdetectable.

After~t~te e~owe to airandimmersioninusedaviatimoil
at 200°for24hours,definftepreferentialetchingoccurredandtheweight
losswas0.0004gram(0.005g/sqdin).

BODY—CENTEREDTEI!RAGONALSZR’UOTURE

Tin b—

Thetinusedhada listedpurityof99.97percenttin. Themelting
pointofthepuremetalis232°.

Growth.-SinglecrystalsweregrownbothdirectlyintheSpherical
formad alsoinrodswhichweremachinedwithc=e intospheres.Because
oftheeasetithwhi~”themechanicallystratiedcrystalsrecrystallized
onheating,theformermethodwaspreferable.me methodpreviously
describedforgrowingzinccrystalsinthesphericalformwasusedwith
theadditimofa smalltipsealedontothebottmnofthebulbtopranote
theformatiauofa singlenucleus.ThistipwasSubsequ-tlycutfrcm —
thecrystsl.Considerablecarewasrequiredinsealingme ofthesesmall
tipsto theglassbulbwithoutdestroyingitssphericalshapeuvera con-
siderableportionofthesurface.Etchingexperimentsaregreatlyfaoikl.-
tatedby ‘thespherical.shape.Zngrcwlngthecrystalsinbothrodand
sphericalformthemeltwasloweredfromthefurnaceattherateofabout
1/2inch:perhour. Thetemperatureofthefurnacewasabout280°.

Machi.ning.-Ihoontrastwithbismuth,whicheihibiteda tendencyto
be torncf’finmall chunksorflakessotha.tiarou@ snrfaoewithmall
pitsremalned, tinappearedtobe plasticallysmearedoverthesurfaceso
thatan amorphouslayerwitha highpolishandsmoothsurfaceresulted.
Themetalflowedoffina continuousstripwiththetoolsHsed. lYiorder
toremovethechipwithoutpushhgitaheadofthetoolandsmearingit
onthesurface,m extremepositiverakeendsharpedgeweregroundm
thetool. Csrbonsteelispreferableand.thetoolisnotstcmedafter
grindingona finewheel.Therakesinglesarebestobtatiedbygrinding
a groovealongthetopfaceofthetoolparallelto thecutt~ edge.

--

Thisgroo~rebecomesthecuttingedgeandthechipsccmeoffina
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helixduetothecurvatureoftheedge.Theclearanceanglewasabout8°;
smalleranglescausedthetooltorubagainsttheworkandyroduceexcessive
distortion.Thetoolshouldhaveonlya smallnoseradius,andthelathe

. should%e operatedata fairlyhighspeedwitha veryslowfeedof thetool
intothework. No cuttbgoilwasnecessary.

PolishinR.–Thespheresweremechanicallypolishedwithemery”papers
rnmibers1 to 0000andIeraffindissolvedinkerosenewasusedas a lubricant.
Thehi%ricantreducedheatinganddistortionofthemetalsurface.Spotted
andyeryinferiorsurfaceswereobtainedby theelectronicpolishing
methodofJacquet(reference9). FairsurfaceswereobtainedIn3%eight-
percentsul.phtiicacidata currentdensityof13 amperespprsqwe deci–
meteranda potentialQf30volts.Thecellconsistedofa 25=lliliter
beakerwithcylindricalaluminumcathodeandglassstirrer.Thesphere
wassupportedshaftupwardby meansofa stripoftinfoilinsertedthrough
a holeintheshaft.At thepolishingpointa thicktanfilmappearedon
theanodesurface.Thesnodewasremovedfromtheelectrolytewithout
breakingthecurrent,endthefilmwaswashedoffby swa%bingwitha piece
ofabsorbentcottonheldbeneatha streamofwater.

Oxidation’.–No conditionscouldbe foundunderwhicha tincrystal
wouldgivea dei?initeinterferencecolorpatternwhenheatedinair. When
a crystalwasheatedat 2100inair,titerferencecolorsdevelopedin
24hoursorlongerbutno definitepatternwasobtained.In several
experimentsthe(100)regionshadthemostadvancedcolors,orgreatest
rates,buttheresultscouldnotalwaysbe duplicated.

Mineraloil.-At 100°afteraltermateTmnersioninmineraloilfor
24hours,a crystalremainedverybrightandunattached.At 200°for
24hoursthelosseswere: for~ternate-rsion, 0.0006~am
(O.008g/sqdm);forsuspensionaboveliqtid,negligible;andforcom~lete
inmmrsion,0.0004gram(0.006g/sqdin.).Moderatelystrongreflections
wereobtainedfromthe(100)regionswhena beamoflightwasdirected
normaltothe(100)polesinthecasesinwhichweightlosseswereincurred.

Oilinessagents.-At100°afteralternateImmersionin stearicacid
for24hours,a crystallost0.0437gg?am(0.49g/sqdin),andpreferential
etchingoccurredwithinabout30minutesaftertheexperimentwasbegun.
At 200°withalternateimersionan etchpatternof smoothandroughareas
formedat thebeginningbutbecemelessUstlnctwiththe exceytfor
strongspeculsrreflectionsfromthe(100)regions.At theendof 24hours
theweightlesswasverygreat,3.0058grams(35.4g/sqdin).men this
experimentwasberriedoutinen atmsphereofhydrogenpurifiedby passage
overhotcopper,thecrystallost0.0910gram(1.25g/sq&n),andan etch
patternwithstrikingspecularreflectionswasobtained..

.—

—

At 100°w5.thalternateimmersionin olefcacida Mstfnct~ttern
“Pormedin 2 hours.Whena be- oflightwasdirectednormaltothe
(100)region,strikingreflectionswhichincreasedin intensityuntil
thecompletionoftheexperimentin 24hourswereobtained.Theweight
IOSSwas0.0108~- (0.123g/sqm].



.-.—
-—

..- ..- .. . . NiCATN NO.1460 -—
—

Chemicalpolishm agents.-Whena crystalwasalternatelyimmersed .
intricresylphosphateat 100°for24hours,a faintrmistinessappearedon
thesurfaceandtheweightlosswasnegligible.

C?ormuercialoils.–At 100°withalternateimuersioninnewaviatilon
-----

oilfor24hoursnoweightlosswasdetectable.At 200°withalternate
immersioninterferencecolorsformedtitliin16hoursandat 24hoursa
patternwasoltafnedbuttheactiveregionscouldnotbe identified.The
weightlossesunderthefollowingconditionsweresmall:foralternate
imuersion,0.0002gram(0.003g/sqdin);forimmersionbelowliqufd,
0.0002gnyn(0.003g/Eqdin);andforsuspensionaboveliquid,0.0006grsm
(0.008g/sqdm). Thelattercrystalgavestrongspecularreflections
from(100)regions.

At 100°withalternateiwersioninusedatiatioqoilthelosswas
negligibleafter24hours.At-200°withalternateimmersiona pattern
of specularreflectionsdevelopedsoonafterstarting.A lacquerformed
onthesurfacepreferentiallybuttheactiveregionscouldnotbe identi-
fied.Theweightlossin 24hourswas0.0012gram(0.03.2g/sqdin).

Theiridiumused
meltingpo,hrt-o~the

131dium

hada listedpurity
pm metalis156°.

of99.9percentiridium.The
-—..,

Growth.- SinceIridiumistoosoftandductiletobe machinedand
recrjwtallizeaundera slightamountofmec-cal strain,singlecrystah
inthefernofa sphere5/8inchindiameterwitha shaft5/l&Wch ti
diameterby 1 inchinlengthweregrowninglassbulbsby thesamemethod
usedforzinc.Thefurnacewasmaintainedatabout200°. Carewasrequ.hed
Inremov@ thecrystalfromtheglassbulb. TheIxiLbwascrackedby
lightlytappingwitha smallhsmuer,andfragmentsofglasswereceretiy
removedwiththeaidofthefhger nafl. Smallcrystalsgrewwhereverthe
surfacewasscratched,anda clusterofminutecrystalscouldbe seenat
thepointwherethebulbwasstruckwiththehammer.Thefactthatthe
spherewasa sin@lecYystalcouldbe determinedby thepatternformedon
etchingwithconcentratedhydrochloricacidorby alternateetchingfn
hydrochloricacidanddilutenitricacid.

Polish~.-Indiumcannotbemechanicallypolfshedatiroomtempera-
turewithoutrecrystallizing.A fairlybrightbutnonetoosmoothsurface
wasobtainedby agitatingthecrystalforseveral.secondsin concentrated

.

nitricacid.

Etching.-Alternateexposureto
for2~ causedno changein the

airand
surface

.

immersidninliq~d at100°
ordetectableweightloss

.-
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withthefollowingliquids:tineraloil,steeric
cresylphosphate,newatiationoil,usedaviation
Thecrystalremainedcompletelywettedinallthe

.

EiEUTRODEPOSIYIONONA

Copper

s- CRwI!AL

onCopper

Experimentshave_beenyeviousl.ycarriedout

acid,oleicacid,tri-
oil,anddodecylamine.
oils●

OF COPPER .

in thislaboratoryon
thedepositionofcopperona s@gle crystalof’copper.Theywillbe
brief~described.to serveasa startingpointin consideringthedeposition
ofveriousmetalsona crystal.ofcopper.Theelectrolyteconsistedof
200gramsofhydrouscoppersulphateand48 gramsof sul~huricacidper
literof solutlcm.Theco~yercrystalwasplacedinthecenterofa hollow
coppersphereshout6 inchesin~ameter,whichservedas cathodein order
thatthespacingbetweenelectrodeswouldbe thesameovertheentiresurface
ofthecrystal.At a lowcurrentdensityof0.2amperepersquaredecimeter
after450hours,thesphericalcrystalhadbeenconvertedtoa polyhedron.
A plsnesurface,about5 pilMmetersin diameter,hadformedat eachofthe
(lJl)poles.Theseflatsurfaceswereconnectedlystrikingstep-like
bszdsconsistingoffacetsparallelto (ill)planes.Fourroughlyflat
surfacesapproxhuately_psrallelto the(22.0)planesformedadjacentto each
(100)pole. Directlyat the(100)polethesurfacewasrough.At 2 amperes
persqueredecimeterafter5 hoursWth a newcrystal,thedepositat the
(Ill)regionwasstill.singl=rystallineandhadfollowedtheorientation ‘
oftheunderlyingcrystalsphere.~ theotherregionsthedeposithad

. becomepolycrystalline.withrandomorientation.At a currentdensityof
8 amperes~ersquaredec~ter theentiresurfacebecame
randomlyorientedcrystalstithin15minutes.

LeadcmCopper

Leadwasdepositedona singlecrystalof copperat
of0.2amperepersqueredec~ter froha solutionof 60
acetateand200gxamsof sodiumh@roxideperliter.At
le@ depositedexclusivelyinthe(ill)areasandS1OW1Y

coveredwlti small

a currentdensity
gramsoflead
thebeginningthe
smreadt~d the

(100)fid(110)poles.b 3 hours-we&reflectionsco~d~e seenfromthe
(IJ.1)areaswhenlightwasdirectednormalto thesurfaceat thesepositions.
Thepatternafter17hourswasshmst identicalwiththatformedat the
%eginning,thedepositbeingconcentratedtithe (1.1.1)regionswitha slight
depositinthe(lLO)ereas.Underthemicroscopethedeposttappesred
compactad continuousinthe(Ill)areas,whereaslargeopezxtngsin the
depositexposingbarecoppercouldbe seenin theotherareas.At a
currentdensityof 2 emperespersqwuedecimetermall crystallite
appeared.overtheentiresurface,exhibitingstrongreflectionswhenlight
wasdirectednmmal to thesurfaceatthe(100)pole.

..,.
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Sindlsrresultswere
twodifferentsolutions:
ammniumC~Ol!idO,and30

Nickel

obtained
one,,1.20
gramqof

onCopper

whennickelwaedeposit~
~ams ofnickel@QhatO,
borioacidperliterwith

ionconcentrationadjustedto6 withsmmcnium-hydroxide;and

.

oncopperfrom
22*4gramsof .
thehydrogen-
theother,

2.75gremsofnickel-chloridewith6 moleculesofwater-permoleculeOF
nfokelchlorideand30gramsofboricacid.At currantdansitiesOr0,1to
10amperespersquaredecheterWe depositat-first-formedexclusinlyon
largetriangularregionsat–tie(ill)polesandthenspreadrapidlyuntil
thecornersofneighboringtrianglestouchedat the(110)polepositions.
Littleorno depositformedat largecircularregionsat the(100)poles.
Whenlightwasdirectednormaltothesurfaceat the(311)pole,ref’lectlans
wereobtained@cm smallregionsbetweenthe(311)and(100)poles.These
reflectionsdecreasedinbrillianceandfinallydisappearedcompletely,
thefinaldepositexhibitingno reflections.

CadmiumonC!opper
—

Cadmiumwasdepositedona singlecrystalof copperata current
densityof 2.5 amperespersquaredecimeterfroma bathmusistingof
26gramsor cadmiumoxideand109grsmsof’Hodiumcyanideperliterof
solution.In5 minutesspecularreflectionswereobtainedfroma circular
bandarounithe(111)pole,andin10additionalminutestiedepositgrew
towardthecenteruntilspecularreflecticmswereoMainedtioma hexagonal-
shapedareathecenterofwhich‘waslocatedat the(111)pole. Whenlight
wasdirectednormaltothesurfaceat the(100)pole,~ecularreflections
wereobtainedfroma crosslocatedat thispoletitheacharmoftheoross .
directedtowarda (111)pole. After17hourswhentheMght wasdirected
normalto thesurfaceata (IJl)pole,reflections‘wereobtainedfroma
hexagonal-shapedareaatthatpoleandfromthethreesimilarlyshaped
(Ill)areasadjacenttotheffrst-(11-1)pole.Whena lightwasdirected
normalto thesurfaceat the(100)pole,reflectionswereobtainedfrom
a smallcrosslocatedat thisyoleandfromthefourrectam@ar (Uo)
areasad.facenttothis(100)pole.Whenthe’depositwasetchedin co-
centrate~hydrochloricacid;‘tiepatternof
untilallthecadmiumwasdissolved.

.. .

ZinconCopper

Zincwitsdepositedona coppercrystal

spe&larreflectionsr-ned
-.

ata currentdensityof’
1 amperepersquaredecimeterfroma solutionof24gramsof zincchloride,
34gramsof sodium_cyenide,and20gremeofsodiumhydroxideperliter.
Theenodeccnsistedofa cylindricalsheetof zincplacedontheperiphery .
o~a l~CMnilliliterbeaker.A uniformgraycolorappearedonthecopper
surfaceimnediatd.y,and~thfn 1 minutea patterncouldbe seenconsisting
ofa circularband1 millimeterin diameteraroundthe(100)pole,a TOG
leafcloverl~tthe(100)pole,verynarrowsharplydefinedlinesconnecting

.

neighbor= (100)Tole,andfoggyareasat the(210)pole. After2 minutes
-.... .
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whena beamoflightwasd@ectednozmslto thesurfaceatthe(ill)pole,
strongspecularreflectimscouldbe se8nfromE@0a8ofan approximately
triangularshapelocatedatthesepositions.After30rninutesa strfking
patternwasobtainedconsistingof speculureflectionsfroma squareat
the(100)pole;frcunoneled ofthefoux+leaf+loverpatternlocatedat
the(100)polewhena beamof lightwasdirectednormaltothesurface ,
atthe(311,)pole;d froma triangularareaatthe(W) polewhena
beamoflightwasdirectednormsltothesurfaceatthispole,thestr~
estreflecticmscomingfromsixequallyspacedties radiatingfromthe
(ill)poleto theboundsryofthetriangular=ea. Theregicmsof specular
reflectionwereverysharplydefined,theboundaryletweentworegions
ha- theapyeaxanceofa ~ain boundary.

Ihdiumon Copper

Tndiumwasdepositedona coppercrystalat a currentdensityof
O.Pampereperslwe dec-ter froman electro~econsistingof18 gmms
of iridiumas tidiumchloride,30gramsofdefirose,16ogramsofpotassium
cyanide,and40 gramsofpotassiumhydroxideperliterof solution.The
snodeconsistedofa carbonrodabout1 inchindkmeter,andtheliquid
wasstirredat a moderate

7
eed. Theiridiumdepositedpreferentially,

goingfirstoneachofthe Ill)regionsandontwoofthesix(100)regions.
Thedepositsluwlyformedovertheentiresurface,endspeculsrreflbctims
developedinthe (Ill)and(100)areas.At a currentdensityof2 amperes
persqusredecimeterthedepositformedovertheentiresurface,andwithin.
5 minutesreflectionswereobtatied
a beamoflightwastiectednormal
reflecticmswereobtaineduntilthe

.

.

was
150

EUUTRODEPOSITIONONA

Iridium

framthe(lIL)and(100)regionswhen
to thesurfaceatthesepoles.These
endoftheexperimentin2 hours.

SINGLECRYSTALOFLEAD

onLead

bdium showeda strongtendencyto formorieateddeposits.bdium
depositedonleadat currentdmsitiesrsngingfrom1.6emperesto
amperespersqueredecimeterfrmntheseinesolutionasusedinthe

aforementionede eriment.At lowcurrentdensitiesiridiumplatesinitially
?onthe(100)and ill)regions.At currentdensitiesashighas150smperes

persqueredecimeterspecularreflectionswereobtainedfrcmthe(100)and
the(ill)regionswhena %eamoflightwasdirectednormalto thesurface
atthesepositions.At a curcentdensityof 30to 35emperespersqyare
decinmter,gaseousevolutiunoccurred.At 1.6amperespersqy.sredecimeter
powe= reflectionswereobtainedfromthe(100)and(121)regicmswhena
beanoflightwasdirectednormaltothesurfaceatthesepositions.(See

—

fig.16.) Thereflectingareasspreaduntilafter2 hoursreflections.
wereobtainedfrom(100)and(ill)planesoverentirehe@spheres.The
currentdensitywasthenraisedto 30smperespersquaredecimeterandthe
entiresurfacebecemecoveredwitha heavymilky,deposit.No reflectfms* wereobtainedfromthesurface.Whenthecurren%densitywasdecreased
to 10 amperespersqme deckter andthecrystslwasagitatedbelowthe
leveloftheliquid,thewhitefilmreadiQ”scaledoffmd reflectims
againdeveloped.inthe(100)and(1111regions.Similarresultswere
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obtainedseveraltimeswhenthemrrentdmm-itywasvaried.between10 snd
30amperespersquaredec~ter.

ELW21!RODlZPOS31CIONONA Sti CRYSTALOl?SILVER

CopperonSilver

—. —.

*

CopFerwasdeposited
of 2.5 amperespersquare

ona singlecrystalof silverat
decimeterfroma solutionof 210

coppersulphateand30greznsof sulphuricacidperliter.

a curratrtdensity
gramsof’hytious
Thecopper

depositedovertheentiresurfacebutsoonAeveloyedspecularreflections
fromthe(112) and(100)regimewhena beamofllght-wasdirectednormal
to thesurfaceat thesepolepositims.After4 daystheentiresurface
appearedtobe a singlecrystal..Reflections‘werestillobtainedtromthe
(ill)and(100)regions,andtheshapeofthecrystalwasapproachinga
polyhedronas formerlyobtainedwhencopperwasdepositedona crystalof’
copper.Afterslightmechanicalandelectrolyticpoliu, thecrystal
wasalternatelyexposedtoalrandimmersedin steacicacidat 2000for
17hours.A perfectstearicacidetchpattenappearedin severalhours
endprefez”entialwettingofthe(110)regionswasnotedat theendof
17hours,thisresult--confirmingthesingle-crystalnatureof copperdeposit.

e

NickelonSilver -.

Nickelwasdepositedcma sin@e crystal“ofsilverata currentdensity
of 2.5amperespersquaredecimeterfroma solutionof120grausofnickel .
sulphate,22.k gramsof ammoniumchloride,and30gramsofboricacidper
liter.Thenickelappeemedto depositexclusivelyon the(111)regians.
After1 hourspecvllarreflectionswereobtainedfromthe(311)areabutmon ‘
disappeared,andtheentiresurfacehada matteappearancewithonlyslight
evidenceofanypreferentialdeposit.Gasbubblesadheredtoandbadly
pittedthesurface.Theelectroplatingofnickelontocowerandthat on

silvercrywtalswerequitesimilar.

LeadonSilver

Leadwasdeposited-onsilverat current
smare decimeterfroma solutionof70grams

densitiesupto
ofleadacetate

——.

-.. —

2 amperesper
and200grams

of sodiumh@roxideperliter.The~ea~depositedintinycrystallite
randomlyscatteredover.tliesurface.Occas~onallyreflectionsdeveloped
normalto thesurfaceinthe(ill),(100),and(33.1)regions.Thedeposits
neaxthepolepositions,as Sudgedby rubbingwithtissue,weremore .
adherentthandepositsinotherregionswherenoreflectdcmswereobtained. -—
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ELECTROLYTICREPLACEMENTOF COPPERBY OTHERMETALSlEROMA

SOLUTIONOF COPPERSTEKMTEIN STEARICACID

Whenstripsofbismuth,cadmium,cobalt,iron,niokel,tin,~and
wereheatedat 200°forabout3 hoursin oldstearicacidinwhioha
crystalhadbeenpreviouslyheatedforabout24hours,a redfilmof

35

zinc
copper _
copper

de~ositedonthe;trips.Copperfailedto depositon specimensofaluminum
andchromium,metalswhich=e conspicuousfortheirpassivity.

DISCUSSION

Withoneortwoexceptions,suchas theoxidationof chromium,all
reactionswhichwerestudied,iftheytookplaoeat all,werefoundtovary
inratewithcrystalplane.Thisvsriationinratemeansthatonemetal
cannotbe thoughtof aapossessingme surf-epropertywithrespecttoa
particularprocessbutmustbe thoughtofas havinga nuuiberofproperties,
oneforeachimportantplane,foranyoneprocessunderanyonesetof
conditions.Thisin effectis equivalenttomultiplyinggreatlythenuniber
ofmetalsat ourdisposal.At firstthoughtitappesrsthatthisdiscovery
wouldcomplicatesurfaceprocessesendrendermoredifficultthemevera
completeunderstandingof surfaceevents,butactuallyit simplifiesthe
problemin specifyingwhatthecomplicationsareandinofferinga new
pointofviewforfuturestudy.TheexistenceofthesevariationswZth
crystalplaneexplainsinparttheUfficultyof interpretingresultswith
polycrystallinesurfaces.

Thereareseveralfactorswhichmaymasktheeffectofthisvariation
inratewithplane.Theformationofan insolubleprotectivefilmmaydo
this,and,inthecaseofrapidreactionstithstrongreagents,thepeeks
whichtendto formbecauseofpreferentialactionwilJbe etchedaway
becauseofrapiddiffusionofthereactionproducts,whereasreactionin
thevalleyswillbe muchslowerbecauseofa lowrateof diffusion.This
tendstokeepthesurfacesmooth,as inthecaseof electrol@icpolishing
sndchemicalpolishingwithsomeconcentratedacids.

—

Themetalsusedintheseewertientsmayingeneralbe consideredof
highpurityalthoughtheyareinno sensespectroscopicallypure. The
reactivitiesof commercialmetalswillnotnecessarilybe thesameas those
usedinthisstudy,butitisbelievedthattheresultsobtainedgivea
fairpictureoftherelativepropertiesofmetalsas or~gayi~ uggd.“
Impuremetalswillprobablyhavea gr~terreactttitythanpwe ones. ~. ordertoreducegreatlythenuniberofexperiments,mostofthemwerecarried
outat 200°only. This wasfoundtogivetheessentialinformation.At
100°similarresultswereobtainedata reducedrate=d at300°theOilS

. rapidlyoxidizedanddecomposed.
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PRESENTTEINIRYOFINELUENCXOF CRYSTALPLANEON SURFACE .
..

REACTIONSANDATZEMFTSTO CIASSD?YRESULTS
.

No tworeactionyatternsarealike,andhenceit cannotbe expected
thatanysimplee~lamationor correlationoftheresult=willbe possible.
h factthevariouspatternsareas individualisticas fingerprints,and,
ifconditionswereaccuratelycontrolled,thepatternsformedmightbe
usedasa meausof identifyinga particularreaction.In spiteof the
individualityofleachpattern,however,inthecaseofoxidation,the
simplestcftheprocessesstudied,therearecertainsimila+tiesamong
thepatterns.Beforediscussingthem,theener&relationsbetweenthe
variousfacesshouldbe considered.

Sincethearrangementofatomsina surfacevarieswiththecrystal
plane,thefreeenergyofa solidsurfaceina vacuumshouldvarywith
plsme.Thefreeenergyofa surfaceshouldalsodependonthemediumin
whichit exists.A fewcalculationshavebeenmadeor-thefreesurface
energyof ioniccrystals(references10and11)andof tungsten(refer-
ence12). (Thesurfaceenergfesofthedifferentf’acesof’tungstengiven
arerelativevalues.) Themagnitudeofthesurfaceenergywasfoundto
dependstronglyon thecrystalplaneexposed,theratfooftheenergies
betweentwofacesbeingin somecasesas highas a factorof five. Since
thesurfaceenergyvarieswithplane,thesurface+ner~changesduring
reactionwouldbe expectedtovarywithplane.Attemptshavebeenmade
todetermineexperbmntallythefreeenergyofa solidsurface”bymeaeur-
ingthesurfacetension,butallmethods-oferperfmentssofarusedare
opentocriticism(reference13). Contactpotentialshavebeenfound
experimentallytovarywithface(reference14),butthereisuncertainty
intheexactnatureof’thesurfaceb suchmeasurements.

—

—

.

.=

IMmanycasesthetimerequiredtoestablishequilibriumis solong
that-theformhavingthelowestenergyisnotreachedinpractice,and
theenergyof activationmust.beconsidered.Therearefewtheoretical
calculationsoftheenergyofactlvatdonforsurfaceprocesses.In the
adsorptionofhydrogenonnickeltheenergyofactivationhasbeenshown
mathematicallytohe a minimumforthe(110)plane(references15and16)
andtherefcmetherateofadsorptionshouldbe greataston Ws phmet
IhagreementIthasleanfoundexperimentallythattherateof+he ca~
l@ic reactionbetweenhydrogenandethyleneonnickelfilmsisgreatest—
whenthe(110)planeo.ftickelis~arallelto thesurface(reference17).
Thurfrommeagercalculationsof ener~relationshipsit istobe expected
thatthefree-energychange,whichdeterminestheequilibrium,andthe
energyof activation,whichdeterminestherate,tillvarywithcrystal
plane. .-..=..-.:.. ,

Tnthec-e of ofidati”onoi?a metalsqrfaoethereare~o theoret~cd- ‘- ““
treatmentsavailableoftheenergyofactivatlmforadsorptlcm_f.oxygen
ondefinitecrystal-planes.Furthermore,adsorptlmis onlytheprelindnary *
and-etnecessarilythecontrolling step. Diffuslcznbecczuesthelimitlng
stepasthethicknessoftheoxide~er increases,andinmostcasesof
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. oxidationthemetalisthoughtto diffuseoutwardthroughtheoxide_layer
(reference18). Sincein qusntum-mechanicalt-atamntsofchemicalz%actions
theinternucleardistance%etweenatcmsistakenintoconsideration,it seems

. reasonable,as inthecaseofs&orptionofhydrogenornickel,thatthe
sd.sorptionof oxygenona metalsurfaceandthesubsequentprocessesof
diffusionwo;zl.dvary,thevsriationdependingontheorientationofthe
crystal.Butno theoreticalinformationisyetavailableto ifiicateona-
quantitativebasistheplanesandthedirectionsthatmightbe expectedto
be themostfavorable.Becauseoflackofspecificinformationm this
subject,somesimplerbasisofinterpretingtheresultsmustbe used.

Duringtheinitialstagesof oxidatimitmightbe expected,as a
firstapproximation,thattheplaneshavingthegreatestdensityof atoms,
ortheleastresidualtifinity,wouldbe theleastreactive.b c~er
theplsneswiththegreatestdensityare,indecreasingorder:(lU), (100),
(1-lo),(31-1-),(331),(210),=d soforth.‘Thoseat thebeginningofthe
listwouldbe expectedtobe theleastreactive- thoseneartheendthe
morereactive.Therelativeratesof oxidationinairat200°andatmospheric
pressureas determinedin thesestudies,thefaceatthebeginningof We
listhavingthelowestratesndthatattheendthehighest,were: (311)
regicms,(110)regims,(ill)regions,boundarylinesbetween(311)and
(110)regions,boundarylinesbetweentwo(31J-)regims,(21O)regim,
snd(100)regions.By omittingthe(100)whichiscompletelyoutoforder,
a veryroughagreementis obtainedinthiscasewithcopper.Thearrange-
mentof theatcuu.sin thesurface,aswellasthenumiberperunitarea)
probablyplays= imporl=ntpartin controllingtherate.ofreacticm.In
referencetophysicalproperties,itis interestingthatslipactually
takesplacealongtheplsneofgreatestdensitywhichhastheleaataffinity

. betweenplsnes.

Thusno theoreticalstudieshavebeenmadewhichwillenableus to
predicttherelativeratesof oxidationonthevariousplanes,andsimple
energyconceptsbasedonthespacingoftheatcmsareoflittlevalue. A
moresuccessfulbasisforcorrelatingtheresultsof oxidationhasbeen
thephysicalstructureinwhichthemetalscrystallize.Theface-centered
cubicmetalsshouldbe dividedintotwogroups,thosetheoxidesofwhich
csnbe resd.ilyreducedby heatingthemetalsbelowtheirmeltingpoints
inhydrogenendthosetheoxidesofwhichcannotbe soreduced.It is
interestingthatthemetalsofthefirsttype,coppermd nickel,give
veryshaqlydefinedpatternsofthesamegeneraltype,aa shownby
figures1 snd2, respectively.fi order-to obtainvisiblecolorfilms,
itwasnecessarytoheatthemetalsinairatdifferenttemperatures,end
thiswouldaccountforslightdifferencesinthepatterns.In thecase
ofaluminumandlead,protectiveoxidesofwhichcannotresdilybe removed,
thepatterqswerenotsharplydefinedbutresenibledthoseofcopperand

. nickelin onerespect.Thecubefacesappearedtobe themostaotivej
althoughtheidentificationoftheactiveregionsisnotalwayscertain
onsurfaceswhichformprotectiveoxidefilms.No interferencecolors

. wereobtainedonaluminum,thepatternconsistingofsomebrightandsane
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dullregions.Theothermetalsofthefac=enter~-dcubicsystem,silver
andgold,wereunreactivewithoxygen.

- thebody=amteredcubicclass,crystalsofchromiumandironwere
studied.bon gavea sharplydefinedsndcomplicatedpatternwhichwas
verydifferentifromthegeneraltypeobtaineiontheface—centeredmetals,
withthe@ccepbionthatthe(100)facehada highrate. Whenchcmlmnwas
heatedinairat400°,colorfilmswithno definiti-patternwereobtilned,
thisresrd.tindicatingthatunderthecon~tl~ therate~id.notvary
withplane.No completelysatisfactoryexplsmationhas%eenfoundforthe
factsthatchromiumgavenopatternandothermetals,oxidesofwhichcsnnob
readilybe r~ducedbelowthemeltingpoint,gaveonlyrelativelyindistinct
patterns,as comparedwithmetals,oxidesofihichcanbe reduced.It is
knownthattheseoxideswhichcsnnotbe readilyreducedareingeneral
protectiveandthereforetheMffusionthroughthemis slow,butitis
difficultto seehowthiscouldaccount-forthefailuretoreactpref~
entiallywithplane,unlessdiffusionwerethelhi.tingfactor.But~VeQ
inthiscase.itwouldbe expectedthatdiffusionwouldvarywithplane.
The-chromiumusedwasonly98.5percentchromium.

Ihthecaseoftwometals,cadmiumandzinc,withthehexagonalclose-
packedlattice,shar@ydefinedpatternswerenotobtained,butthe~eneral
hexagonalshapeof eachcan%e seeninfigures5 and6. Theregionuof
highandlowactivityarealsothesame,the(0001)planewhichhasthe
greatestdmsityhavingthelowestrate.Eachof theothermetalsstudied,
bismuth,tin,andiridium,havedifferentlatticespacings,andtherefore
theiroxidepatternscanuotbe comparedwiththoseof cadmiumendzinc.

Altha@ thisclassificationofpatterms,orrelatimrates”’ofoxi–
dation,accordingtolatticespacinghasnotbeenperfect,ithasbeen
aboutas sucoesstiaswouldbe expected.Sucha classificationsimply
meansthattherearestructuralfactorswhichrelatetherelattverates
forthedifferent-facesonanyonecrystalsystem.Forexample,therate
ofoxidationofmetalstiththesamelattlceepacing,undera givensob
of conditionsasregardstemperatureandpressure,maybe expressedas
beingproportionaltotwosetsofconstantsR whichIs characteristicof
theProcess”sndf whichi.scharacteristicofthefaceoratomicarrang-
ment. Thus,forcopper,

RateofiformaticnC%O(lOO)isproportionaltoR(wo)

Rateofformtion%O(H1) isproportionaltiR(@O)

Fornickel,
RateofformationNiO(lOo)isproportionaltOR(NiO)X

‘te offo-tio:Nio(ll+)isproportionaltoR(Nio)X

xf(loo)

xf(lll)

f’(100)
‘(W

Thusthefactorsf(l~) endf(~) areyoughlythe”smneforcopper

.

.

—

.

andnickel.Anothersetof-factorsshouldbe thesameforcadmiumand
zinc.Thissuggestionshouldbe consideredaspreliminaryandmustbe
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. confirmedby furtherstudy.Therearealsootherinfluenceswhichmay
accountforthesimilaritybetweencopperandnickeland%etweencadmium
andzinc.Thelatticeconstantsforcopierendniokelsreapproximately

● thesame,3.60and3.51A, respectively.Theatomicdiametersare2.55
and2.49,respectively,andtheratiosofvolumeof oxidetovolumeof
metalare1.71ad 1.64,respectively.Thelatticeconstantsforeluminum
andlead,on theotherhand,are4.04and4.94A, respectively.The
c/aratios(ratioof latticeconstants)forcadmiumandzincarevery
olose,being1.88and1.85,respectively.Unquestionablyallthesefactors,
asweld.asmany@hers,playsomepartintheoxidationprocess,butan
approachtoan understidingofthemechanl~ofoxidationthrougha study
oftheatomicspacinginthesurfaceoffersinterestingpossibilities.

Thepossibilitythattheinterferencecolorsmightbe causehbyan
unequalexpansionof theoxidefilmformingonthespherewasconsidered,
hutit isnotbelievedthatan effectof themagnitudeo%tainedoould%e
producedby amysuchprocess.Furthermore,thesamecolorswereobtained
onlargeflatsurfacesfiledona sphereofcopperaswereobtainedon the
correspondhgsmallcurvedareasonthesurfaceofthesphere.Therelative
thicknessesof thefilmson copperas detemdnedby theinterferencecolors
werecheckedapproximatelyby thequsntityof electricityrequiredtoreduce
theoxidefiJmeelectrolyticallyby usinga dropofsmnoniumchlorideas
theelectrol@e.

An explsaationofpassivityofferrousaUoys hasrecentlybeengiven
byUhlig(reference19)intermsof electronconfigurationof themetal.
It is concernedespeci~ tiththetransitionelements,chrotium,iron,
nickel,cobalt,molybdenum,emdtungsten,whichcontainincompleteelectron

. shelJs.Forexample,irontioyedwithchromiumbecomespassiveby sharing
electronswithchromium.Sincetherearefivevacsmciesinthethirdshell
forchromiumandtheshsringofoneetiraelectronperironatomrenders
ironpassive,onechromiumatomisableto sherefiveelectronsandcan,
therefore,passivatefiveironatoms.Thiscorrespondstoan atomicratio
of chromiumto ironof1:5or 15.7percentof chromium’byweight.Ih
practiceI-2percentof chromiunIs foundtobe necesssrytopasslvateiron.
fionmaybecomepassiveeitherby alloyingorby surfaceadsorption.In
thecaseofoxygenadsorbedon iron,the ironsharestwoelectrons‘with
oxygenandthereforebecomeslessreactive.A distinctionis drawnbetween
chemicalpssivityresultlngfromthissharingof electronsandmec=cal
passitityduetoa layerofoxideor othermaterialwhiohprotectsthe
surfaceby limltingtheaccessibilityofthew“derlyingmetalto thecorrosive
gasorliquid.Thisdistinctiondoesnotseemnecessarysincebotheffects
mustbe differentmanifestationsof thealteredactivityof themetalatoms,
butat leasta mechanicallyprotectivelayerisnotnecessarilyrequiredfor
passitity.Thesignificantpointforthisdiscussion.isthata kindof
“LawofDefiniteProportions”in termsof electroncmfiguratlon.is
establishedforsurfacepassitityofalloys.H~othery (reference20)
hasalsoestablishedan “Election+ltomRule”fortheformationofphases

. in substitutionalalloys.Theseconceptssuggest.thatslmface.reacti.ons
mightbe explained,inpart.atle,ast,bY a considerat~onof electron
configuration.If so,Me questfonmvstbe askedg@@_@F&i_s_@!_. ..:.-
influenceof crystalplaneonelectronconfiguration.Ifan oxideforms
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ona metalstiface,thenuniberandlocationof’atomsofioxygenwhichsw .
rounda metalatomh thesurfacewillvarywithplane,andhencethe
spatialpossibilitieswherebytwodi.fferentatomsona surfacecanshare
electronswillvarywithplane.Eveninthecaseofa gasadsorbedon a ●

metal.,thelow-voltageelectrondiffractionexperimentsofDavlssonand
fl~mna(refer~ce~) fitha singlecrystalof’nickel inticated-t the
adsorbedatomsoccupieddefiniteandrestrictedpositionsonthesurface
lattice.Theadsorbedgasseemedtohavea kindofcrystal.structure,
theadsorbedparticlesoccupyingeveryotheropenspaceina (111)face
ofnickel.

Thusinthecaseoftheformationonthesurfaceof eitheran adsorbed
layerora definitechemicalcompound,thevariationin cheticalactivity
withplanemightbe explainedby thevariationinthepossibilitiesfor
sbar~ electrons.Ina sensethisis equivalentto thestatementthat
thechemicalactivityvarieswithplane,butito~ensup a differentpetit
ofview. l:fthespatialarr~ementsofatomson thevariousfacesfor
possiblesurfacecompoundscenbe determinedexperimentallyandthepossi-
bilitiesfcmeleotronsharingsrrivedat ina namer somewhatanalogous
to therulessuggestedbyUhligforsurfacepassivityandby Hum&Rothery
forsubstltuti.onalalloys,itmightbe possibletopredictinadvancethose
faceswhichwouldbe mostreactiveforsimplesmfacereactions.A kind
oflLawofDefinlt-eProportionsforsimplesurfacereactionsbasedon
sharingof electronsondifferentifaces,especiallyforthetransition
metals,mi~htW found.Furthermoretheelectrochemical.seriesliststhe
metalsin decreasingtendencytoloseelectronsandindicatesingeneral
themannerinwhichelementsreplaceoneanotherfromsolution.It-iB
interestingthatinthesestutiestheelectrochemicalreplacementofone
metalby anotherinaqueoussolutionwasfoundtovarygreatly with plane,
as shownb? figures14and15;thisresultindicatesthatthetendencyto
gainorloseelectronsvariestithplane.Itseemsreasonablethatthe
tmndencyto shareelectronswouldalsoverywithplane.

.

Suf’fici.ent-itio%ationon thes~atialrelationshirminoxidefilms
hasnotbeenobtainedat thepresent-timeto testthe~ossibilit!.esfor
electronsharingonvariouscrystalfaces.ThefollowinginformationIs
required.Thet~e ofoxideformedon thevariousfacesmustbe detez=-
mined.Forexample,inthecaseof copperitmustbe determinedwhether
theoxideiscuprousorcupric.Theformeris thoughttoforminthin
fiw , Theorientationof’theoxidewithrespecttotheunderQingcopper
latticemustbe determinedforthedifferentfaces.Thentherateeof
formationof theoxideonthedifferentfacesmustbe determinedquantl–
tatively.At thispoint,whenmentionismadeoftheimportanceofelec-
tronconfigurationin surfaceprocesses,theneedfora fundamentalstudy
oftheelectrochemicalpropertiesof singlecrystalsingeneralshouldbe
emphasized.It isprobablethatallchemic@reactionsare@ependentan
theelectro~hemicalpropertiesoftheindividualcrystals.

~ theco”rrosfon”o~metdsurfacesbrlu%iicatingolis;’”oxidationis
a controllhgprocess>andthisquestionofthe orientationof theoxide
withrespecttotheunderlyinglatticeIsof’thegreatestimportance.In
s2iteofthefactthatoxygenacceleratesgreatlytheattackby liquids,

.

—
.
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the@aae ofpyeatestrateof oxihtionisnotnecessarilytheplanemost
rapidlyattackedby liquid.,Furthermorea (lIll)planemaybe developedin
a (100)regionandnotina (lJl)region;thisindicatesthenecessityfor
a certaincriticalanglebetweenthegeometricalsurfaceanda particular
plane.Thisemphasizestheimportanceof studyingsurfacereactionsfrom
theviewpointof theorientationofthemetalsurface,theorientationof
theoxideformedonthesurfacewithrespectto theunderlyingmetallaw
tice,endtheorientationof thereactingliquidmoleculewithrespectto
theoxide.Thesinglecrystalmethodof studywiththeaidof electron
diffractionoffersspecialopportunitiesforsuchstudies.(Afurther
analysisofanisotropicoxititionofmetallicsinglecrystalsisgivenin
theappendix.)

Ihattemptingto clas~ifyetohingresultsaccordingto latticespa+
hg, onlya fewstatementscanbe made. Ih thecaseof etohingby steeric
acid,copperandnickel,twometalsof theface+enteredcubiclattice,
hadpatternswhichwereingeneralsimilar,as canle seesinfigures8
and9,respectively.Othermetalsofthislatticecouldnotbe compared
sinoealuminum,gold,andsilverwerelargelyunreactiveandleadwas
greatlyetched,lutthereactionwasnotverypreferentialtithplane.
= thecaseof irm andchromium,Whichhavethebody+enteredcubtc
latticeandareknowntobec~ passiveundercertainconditions,the
attackby acidswasnotuniformandpittingoccurredon iron.Withcad-
miumandzinc,ofhexagonalclose-packedlattice,the(0001)planeswhich
havethegreatestdensityweregenerallydevelopedon etching.

~ generaltherateofreactionofthefollowingmetals,Ifreaction
tookplaceatall,variedmarkedlywithplane:aluminum,copper,gold,
nickel,silver,iron,zinc,andbimth. Theratesof thefollowingmetals
variedonlyslightlywithplane: kid, chromium,cadmfun,tin,m iridium.

Thefollowinggeneralstatementsoambe mde abouttheetchingprop-
ertiesofthemetals.Withtheexceptionof iron,allmetalswhichwere
appreciablyattackedby stearicacidwerealsoattackedby usedatiation
oil. Themetalssuchas copper,iron,andbisunzthwhichformedthickoxide
filmsin shortintervalsof timeinairat 200°formedheavyadherentlac-
quersinusedaviationoilanda+rat thistemperature.Allmetalsinvesti–
gatedshowedgreatlyreducedweightlossesin stearicacidinem atmosphere
ofhydrogenas comparedwithetchingat 200°inan atmosphereofair. The
etchingofan aluminumcrystalgenerallyinertin stearfcacidat 200°was
greatlyacceleratedbycontactwiththeelectropositivemetalbismuth.

~ attemptingto classifytheresultsofwettingby stearicacidat
200°,a fewgeneralconclusionsmqybe drawn:(1)Wettingon sp9cial crp-
talfacesonlyoccurredtithcopper,nickel,andiron,threemetalstherates
of oxidationinairofwhichvaxygreatlywithplane.Thesemetalsare
attackedby theacidat a moderaterate. Althoughroughnessof thesurface
canundoubte~-influencewetting,itdidnotappe~ tobe thecontrolling
faotorintheseresults.Withnickelandironthedropsadheredto the
(3Jl)regionstheroughnessofwhichwasveryslightandapparentlyof the
samedegreeas thatontheremsinhgsur$ace.Wi&5copperafteretoh~

—
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fora considerablylongthe, thehops adheredto the(110)regionswhich
werestrikinglyrougherthantheotherrgglons,butwhena freshlypolished
crystalwasplacedinoldacidinan atmosphereofair,thedropsformedat
(111)regionswhichweresmooth.Thesethreecrystalsrenvalmedcompletely
wetinan abnosphereofhydrogen,thisfact-indicatingagaintheimportance
of oxidation.(2)Completewettingonallfacesoccurredwithaluminum,
chromium,gold,silver,tin,andindlum,metalswhicharenotappreciably
attackedby theacidandwhichareeithernotoxidizedorforma thinpro-
tectiveoxidef’fb. (3)NOwettingbutformationof irregularunstable
dropsoccurredwithleadandcadmium,which=e greatlyattackedby acid
butoxidationpatternsofwhicharenotverydistinct.Zfncandbismuth
rapidlyformedtiscousreaotionproductswhichpreventedmovementof the
liquld.(4)Allthemetal-sremainedcompletelywetinematmosphereof
hydrogen.Thesignificanceoftheseresultsonwettingwillbe discussed
furtherunderIMPORTANCEOFRESULTSTOERM2TICALPR(EKZMSOFLUBRICATION,
FICKZCION,ANDWEAR.

Electroplatingis conspicuousfortheaddittonagents,intermediate
deposits,andspecialconditionswhicharerequiredforadherentideposlts
Or theproperphysiceltexture.me fittingof’thedepositingatcnnintothe
properlatticeisa veryimportantfactorin controllingthenatureof the
deposit.12nhopesof’obtaininginformationon theeffectoflatticestruc-
tureonthedepositionofonemetalonanother,especiell#inconnection
withthermxnufactureofbearingsandcylinderwallsInengines,a few
experimentswereconductedonthedepositionof onemetal.ona singlecrystal
ofanother.A largeamountofinformationcanbe obtained&cm thepattezms
producedonsinglecrystals,althoughelectrondiffractionmeasurements
wouldgiv9muchadditimalinformation.Inattemptingtointerpretthe
results,,emphastsisplacedontheatomicspacingsofthetwometals.The
resultsof severalexperimentsinvolvingimportantmetalstillbe considered.

In thecaseof depositingleadona singlecrystalof copper,the
depositwnsconspicuousforitstendencytoformisolatedcrystallite..
Largebarespot~of’coppercouldhe seeninmamyareas.Thismaybe
explainedby thefactthatthelatticeconstantsa forcopperendleadsre
3.61A and4.94A, respectively.In orderfortheleadtofibontothe
copperlattice,thelatticeoftheleadwoul~be distorted27percent.
Thiswouldcertainlyserveas a barrierto theformationofa densedeposit
oflead.

la thecaseofdepositingzinconcopper,itappeared&cm thereflec-
tionsO~t~lfiedthatthezincfollowedtheorientationoftheunderlying
copperin eachoctsnt.This~bee~lamed as follows.Eachatomona
(111)planeofa face-centeredcu%iclatticehm sixneighborsequally
removedby 2.5SA. Eachatomor?the(0001)basalhexagonalplaneof zinc
hassixncdghborsequallyremmedby 2.66A. Thusa layerof zincatoms
withthewln’uctureofthebasalhexagonalplanecouldfitontothe(111)
planeofcopperwitha.distcmtiwofonly4 percent.If zincweredeposited
on the(lCO)planeofcopper,withthec+xis of zincorientedparallelto
thecube-facediagonalso~c~er, a distortfcmof 3.2percantin thelat-
ticeconstantc and4 percentinthelatticeconstanta wouldresult-.
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With-thes~e reasoningcadmiwnwotid.be distorted16percentonthe(~)
p~e of copper,10percentinthec--latticedjmtance~and16perce~~in
thea–latticedistanceOnthe(1~) Pl=e of ~o??p~r~

Electiodepositediridiumekhi’biteda greattendencytobe ori~tedon
singlecrystalsoflead. Face-cemberedtetragonaliridiumiso~y-slightly
distortedfroma face-centeredcubicstructure,the..l&tticeConstants..beiw
for a, 4.58A andfor c,4-094A. Thelatticeconstanta of lea ....
iS 4.94A. Sincetheinteratomicdistancesofleadandiridiumareso
nearlythesmne,it iseasyto seewhyorientaticmofdeposited-iridium
readilyoccursonlead.

Notalltheresultscanbe interpretedby reasoningsuchas in the
precedingdiscussicm.Qthoughthelatticeconstaqtsandweightsofcopper
andnickelareapproximatelythesame,nickeldidnotformhighlyoriented
depositsorlargegrainswhenplatedona coppercrystal.:It hasbeenpro-
posedthatverysmalltracesof ironcangreatly-affectnickeldeposits..
Noplatingba’ds.fornickelhavebeendeveloped~~ch..~~ civedePosit%
containinglargegrains(reference22). .

Theresultsobtainedin depositingmetalon a singlecrystalof its
o~mkind-d o“Potherkindsindicateingeneralthattherateof deposition
varieswithcrystalplane.In extremecasesthemetalmaydepositgreatw.
on cmefaceandhardlyat”allon enother.It hasbeenimpossibletomak?.
a csrefulstudyof allthefactorsinvolvedbutitappearsthatm a~proXi—
mateequalityoflatticeconstantsin oneormoredimensionswillcontrol
in v~ying degrees thenatureof thedeposit.

IMPORTANCEOFRESULTSTO PRAGTIC.ALPROBLEMSOF

LUBRICATIOIJ,FRICTION,ANDWEAR

Thesestudieshavenotbeenlimitedstrictlyto thecorrosionof
metalsby oilsbuthaveincludedsayprocesswhichmightbe importantto
lti~ication-d wklchlentitselfto thismethodof stmly.Since”the
relaticmshipof someoftheresultstolubricationmaynotbe cleqrat
firstsight,theirpossibleimportancetoaircraftengineswillbe die
cussed.Oneoftheadvsnts&esof thismethodof studyist@a+_itmske~
possibletherelationofmanyapparentlyunrelated_surfaceprocesses,For
example,itmakespossiblethe studyof therelationofOXidatiOritu co=
rosion,towetting,andtofrictionandwear.

OxidationandCorrosion . — .-

Oxidationis oneof themostimportantfactorsiQl@ricatedmachin-
It isappreciated.thattheharmfuleffectof oxygeninpromoting

-----
ery.
destructionot oilandinacceleratingcorrosioq_hqslongbeeg_@ownina

—

generalsortofway,butitisbelievedthatthefullsignificanceof the
effecton corrosionhasnotbeenappreciatedandveryli.ttl+aboutthe
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mechards?noftheproce~sisknown.Thereareamazinglyfewreferencedtu
thesubjectin theliterature,andin thelatestof these(reference23)
thestatement1smade: “TheLmportantroleo~oxygeninthecorrosionof
bear~ rnetal.sby lubricatingoilshaslargelybeenoverlookeduntil
recently.”

Whentwodrymetalserebroughlitogether,thepgremetalsdonotcome
incontactbutareseparatedby a layerof oxide.If themetalsarerubbed
together,theoxidelayerMy be pierced,butitiwillre-formagaininstan-
taneously.Wh6na ti”~oflubricantis@lacedona metalsurface,the
lubricantdoesnotcomein contactwiththemetalbutrestsona layerof
oxide.If’thelubricantis corrosive,itmayattacktheoxide,butthe
oxidewill.continuallyr-formorab leastoxygenwillenberintothe
reaction.ELneticfrictionbetweendrymetalshasbeenshowntovaryby
a factorcf’20,theresultdependingonwhetherthemetalshavebeen
thoroughlydegassed(reference24). Staticfrictionbetweentwopieces
of copperheatedinhydrogenhasbeenfomd tobe roughly~ timesthat
obtainedinair(reference1). FurthermoreD@n (reference25)has
emphasizedthatflakesofoxidemaybe tornawayfromthebearingsurface
andactas ti abrasivewhichincreaseswear.Thefactthat+torate-of
thisoxidationvariesgreatlywithplane,in thecaseotiopper by a factor
ofat least5, isoftremendousimportancetoboththetheoryandpractice
of“bearingsurfaces.~ regardto flakesof oxide,whena coppercrydal
isheat-eriaka sufficientlyhightemperaturetoYormthick.f’ilmsofoxide,
largeflaltgsOT oxidemaybe easilydetachedfromthesurfacein some.—

regionsby rubbingwitha tissue,whereasno flekescanbe removedfrom
others.incidentallytheactionofnitrogenfromtheairon fronmayalso
be important,andat presentsolittleisknownaboutthis.thatthereis
stillsomequestionas towhetheroxygenorni~ogenproducesfatiguefail-
ureundercertatnconditions(reference26). 9

Etchingorcorrosionby organicliquidsmuetialsobe consideredin
relatlontooxldatiunof surfaces.~ thefirstplace,theextentandthe
natureof corrosionis controlledby theoxidationprocess.Metalsbelow
lqdrogen.In‘&eelectromotiveserieswerenotra~recfablyatiackedby
lubricants,neworold,inan atmosphereofhydrogen,andthecorrosionof
metalsabove-hydrogenintheseriesinanatmosphereofhydrogenwasreduced
to 1/20to1/300ofthevalueflo%ta.inedinair. Theimportanceof the
structureandorientationof thisoxidehasbeenemphasizedpreviously~
thisreport.Etching,if it-takesplaceat-all,regardlessofwhetherit
takesplaceinhydrogenorair,varieswithplane,thepresen~ofoxygen
servlwto d@@@ne We.natureandextentof etching.ThisvariationIn
ratewithplanemeansthatsomeplanesonthesurfacewillbe smoothand
others‘willbe veryrough.Notonlywillan appreciableamountofmetal
be removedby simplechemicalattack,butthisroaghnessshouldalso
increasefrictionleadingtoadditionallosso~metal. Thiseffectof
Treferentlalrou@nessduetoetchingwillnotbe preven.edby thefor-
mationoran amorphous-llkelayer,for,althoughsucha layerwillform
on thesofterof thetwometals,no such4703 will fm.on.th.eharderof
thetwo. Theroughenedareasof theharde~me%,lwillcutllkea file
infic>thesofter.~s effecthasbeendemonstra+%xiby rubbinga single
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crystalof copperagainsta sh56tof leadin the-pr_esenceofhotstearic
acid.Rubbingtwometalsof equalhardnesstogethertillproduce-anamor-
phous.layeron each,butwhena coppercrystalisrubbedagainstlead,the””
patternofro~h andsmoothregionsformson copier3ustas Ifthelead
werenotpresent.

Wetting

Thepracticalusefulnessofa lubricantdependsonitsabilityto
adhereto themetalsurface.Thisadherencersmgesfromitsabilityto
wetthesurfaceon standingto itsabilityto clingto thesurfaceunder
greatpressure.Ycformationonanyfactorswhichcontroltheadherence
of eitheradditionagentswithpolargroupsor straightchainhydrocarbons
isbadlyneededbothinunderstandingthemechanicsoflubricationandin
improvinglubricationpractice.Thefactthatsomeliqtidswetonlycex
tainplaneson themetalscopper,nickel,andironemphasizestheimportance
ofthestructureof themetalon thewettingprocess.Thedependenceof
thispreferredwettx onthepresenceof oxygenemphasizestheimportance
of theoxidefilm,or at leastsomeoxygen+omplex,in controllingwetting
phenomena.Therefore,if it isdesiredto improvethewettingproperties
oflubricants,attentionmust%e paidto thespacingofatoms@ thesurface
andtothechemicalnatureofthesurroundinggas. Blthertothesetwo
factorshavebeenalmostcompletelyneglectedin thisveryimportantfield.
Obvlousl.ytherearemanyquestionswhichstillremaintobe answered.These
wettingresults@.vebeenobtainedonlywiththehighlypolarmolecules,
stearic,~istic, andpalmiticacidsandtricresylphosphate,butinthe
caseof stearicacidinmineraloilwithcopperpreferredwettingwas. obtainedtithmixturescontainingup to50percentmineraloil;thisindi—
catesthestro~ influencewhichtheadsorption-oftheacid—producthadon
wettingby tineraloil. Thenatureof theorgaqicproductwhichisrespon-
sibleforthispreferredwettingisnotlmown.Eastmanst.earicacidofa
highpuritygavepreferredwettingonheatingwithcopper.Thee~eriment
withtilemixtureof stearicacidandmineraloilsuggeststhatsomeco-
poundisformed‘xhic~is oleopho%icon someplanesandnoton others.
Althougha smallpercentageofpolarcompoundsisproaablyformedin time
incommercialaviationoilsmdinmineraloil,nopreferredwettingwas
obtainedwitheitheroneof thesematerialswhenheatedalonewithcopper.
Eithertheconcentrationofpolarmoleculeswasnotsufficientlygreator
thepropermoleculewasnotdeveloped,butthesepreferred-wettingresults
suggestthattheadsorptionofpolarcompoundsina commercialoilmight
vaxywithplaneandhencetheadherenceof a oilinessagentmightsovary.
Thequestionisraisedas to therelationbetweenwetting,orientationof
molecules, andcorrosion.ElectrondiffractionshouldgiveinformationOB
thevariationof orientationwithplane,andthemeasurementofcontact-.
snglesshouldgiveinformationonthevsriationof energyofadhesion.The
importsmcetopracticallubricationof theseresultsonwettingIsbelieved
tobe great.Boththest~ctureofthemetalsurfaceandthenatureofthe. surroundingatmospherehavebeenshowntoplaycontrollingparts,

--



Rearremgement

In additionto oxidation,corrosionandwetting,thereisenother
interestingsurfaceprocesswhichhasno{been investigatedinemydetail
inthesestudies,butwhichwasfirstdiscoveredby thi,smethodofstudy
endwhichmaybe ofisqneimportanceto aircraftengines.It shouldbe OF
greatimportmcetothebehaviorofbnetalsunderthehightemperatures
encounte~edin Jetpropulsion.It@s lgngbeenknownthatmetalsdisin–
teg.rateundertheactionofhotgases.Beilby(reference27)gavemany
interest.lngexamples.Butitwasshownintheeestudiesthat-~mmcata-
lyticreactimsbetweenhotgasesproduceddefiniterearrangementsonthe
surfaceofmetalswhichwriedwithplaneandwhichwerehighlycha?acte+
isticofthere~ction.Sinceons= plsme~thesurfacebe~~ quiterough
end.onouhersitremainedsmooth,thefrictionandwea betweenrubbing
partse~?osedt-otheactionofhotgasesshouldbe dependentonthefaces
exposedinthesurfaceofa polycrystallinemetal.Valvesendcylinder
wallsareexemplesofpartswhichmightbe af?ectedby thisaotiaa.A
definite-amountofevaporationofmetalalsotakesplacedur~ thefle
reacticms.Themmber ofgasesInvestigatedwasnotlargebutthe.results,
itisbelieved;weresignificantandshouldbe inyestiga@dfurtherfrom
thestandpointoffrictionandwe= aswellasfrcmthatofthemectiism
offatigueandcontactcatalysis.

ElectrocheraicelF&operties

Theveriatiomofelectrochemicalpropertieswithcrystalplaneis
important-tolubricatedmachinerybothinthemazud%cture”ofbearin&sby
electroplatingendincontrollingthechemicalpropertiesd.therubbing
eurfaces.Industrialelectroplatingislargelyan artbasedonempirical

. factsas shownby theintermediatedepositsandadditicmagentmwhichare
necesseryto obtainsatisfactoryadhermce.Thegeneral.importancein
electroplatingofthesurfacestructureoftheunderlyingmetalhasbeen
showninthepresentstudiesby thefactthattherateofdepositionof
metalbothonmetsJofitsownkimdandonmetalof otherkindsvaries
withplane.Therateofformationoficrystalnucleialsovarieswith
plene.Inccmnectimtiththesilve~leti-indim”be~ing,”itwasfound”
thattherateofdeposit-ionof iridiumonbathleadad coppercrystals
variedwithplsme.F@ goodadherenceandrapid_pl~t~__thedepo.sitirg
metaLmustfitintotheproperlattLcejthenatureofwhichforsmYone
metelisdeteminedbytheplaneexposed.Thissuggeststhatby selecting
therightf%ceforthedepositimofone~tal onanother,ini=%rmediate
depositsandaddi.timagentsin somecasesmightbe unn5cess9ry.The
effectofadditionagentsin$nfluencimgorientatim,,ofLeposltshasbeen
interestinglyshowninreference28. Inthedepcmiticmofpolycrystal.line
copperit-wasfoundthat-thea~itionofthicureaproduceda,bri@K_ad
smoothmxrface.ExanihationwithX-reysshowed”thatthesurfacecrystd”s
weresimplyorientedwiththe(100)>lagesp@ralleltothesurface.

Otherelectrochemicalprocessesimportantto lubricat~machinexymm
electroly~icreplacementandgalmnicaction.Thepossibleimportanceof
theformerwasIllustratedbythefactthatwkena copperc~stalwas

.
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rubbedagainsta leadsheetinhotstearicacid,copperdeyosited
solutionontheleadsheetandresultedincopperrubbingagainst
Theimportanceofgalvenicactionisillustratedby thefactthat
rosionof aluminumbyhotsteaticacidwasgreatlyacceleratedby
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from
copper.
thecor-
contact

withbiswth. Thepittingofironby corrosionisgenerallyexplainedby
galvanicacticmdueto smallcellsproducedby formaticmofisolatedfib
ofoxide. Alltheseelectrochemicalprocesseshavebeenfoundtovary
greatlywithplsme,andit isbelievedthattheelectrochemicalproperties
oftheindividualcrystalsareoffundamentalimportanceto theplatingof
bearingsandcylinderwallssndtothecorrosimandwe= oflubricated
parts.A fundamentalstudyof theelectrochemical.propetiiesof.theseunit
crystah,withoutimmediateregardforpractical.”problems,isatpresent
badlyneededfora properunderstandtigofallsurfaceyhen~~q. -me cm- ‘
tactpotentialis thefundamentalpropertywhichprobablycontrolsall
electrochemicalprocesses,althoughtheexperimental.difficultiesofmess-
uringpotentialson surfacesof
positionshouldbe appreciated.

CONCL

Ithasbeenshownthatthe
chemicalreactionswitha large

kikwn

US I

configuratimsnd”che~_c~_can-

ONS

rateofa nzmiberofchemfcal~ electro-
nuniberofmetalsvariedwithcrystalplsne. ““

Thegeneralorderofmagnitudeofthesevariationswasdeterminedinorder
toevaluatetheirgeneralimportanceandto indicateforpracticalappli-
cationtheplaneswhichhadhighratesof oxidationand~ose whichhad
lowones.Theratesvariedwithplaneindifferentdegrees.Forexample,
inthewettingofcopperby stearicacidin aironeplanewascomplet~ly
wetendothersweredry,intheoxidationofcoppertheratesontwoplanes
differedby a factorof5,andin theoxidationofchrmiumnovariation
withplanewasdetected.However,inthefewcaseswhereno v-ariati~
wasdetected,suchas theoxidationofchrtium,it isbelievedMat a
protectivefilmwasfomuedby whichreactionin themoreactiveregions
waaretarded.Theinfluenceofthesurroundingatmosphereontherateof
chemicalreaction,e~peciallyintheimportantprocessesofCorrosi.ti-and
wetting,wasfoundtobe great.

Theimportanceoftheseresults,asregardsanunderstandingofthe
chemistryoftheoil-metalinterface,liesin theexperimentalproofthat
a particularmetalsurfacecannotbe thoughtofashavi~-me character-
isticpropsrtyfora particularprocessbutthatithasa largeriumiberof
properties,oneforeachcrystelfaceexposed.Measurementsozxlinarily
madeonpolycrystallinesurfacesarecompositequantitiesandaregenerally
oflittlevalueforpu”rposesof interpretation=Theimportanceof these
chemicalresultsesregardstheirpractical.applicaticmisthat-theysug-
gestthata cont~lofchemicalactivityat thesurfacecouldbe obtained
by a controloftheorientationofthesurfacecrystals. .

.
In sdditicmtotheobviousimportanceofthevariationincorrosior-

andwettingwithplane,theexperimentsespeciallyshuwedthatinvisible



,. ::

filmsof oxidegreatlyaffectedbothchemicalendphysicalprocesses.
Theseoxi~efilmshavegenerallybeenconsideredasunavoidable,endlittle
attenticmhasbeenpaidto theirrealsigcdficance.Theroleofthese
filmsisfurtherccqlicatedby thefacttha~eir rateoffomnatlm
variesvithplane.

Thequestionofwhetheran orientedsurfaceispossibleordesirable
shouldbe discussed.Theresultsofthesestudiesatithepresenttimedo
notindicatewhetheran orientedsinglecrystalora polyc~stellinesur-
facein whichtheindividualcqystalsareorientedisdesirableorpossi-
blem a commercialscale.Corrosionmightbe reducedby controllingthe
planeexposedmd thenatureof thesurroundingatmosphere.Thetendancy
ofcertainoilstowetmetalsmightbe improvedby a ccmtrolofplaneand
otherindividualeffectsmightbe prcxluced,buttheseereonlya fewof
thefactorsccmtrollinglubricatim.Thepossibilitiesforthepractical
useof orientedsurfaceslookpremising,but-onlyfurtherstudycandeter-
mineexacclywhattheseuseswillbe.

A simplebutsignificantviewpointcanbe offeredconcerningthe
chmnistryoftheoilwmtalinterface.In consideringthesurfaceofmetals
inan eng5ne,it–shouldbe keptintid thatsolids,liquids,andgasesare
allsimultaneouslyinvolved.Thechemicalinteraoticmbetweenthesethree
formso~tter playsa moreimportantrolethenis genera~yappreciated,
andmanyofthedi.fficultfesccmmonlyattributedtomechanicalcauseshave
theirorigininchemicalprocesses. If thenatureof thecrystallinemetsl
iskeptinmind,thegreatimportanceoftheatonzLcspacinginthesurface
becomesapparent.Theimportanceofthisspacinghasshownitselfinthe
presentstudiesby thevariationIn rateofmanyprocesseswithcrystal
plane.If thesurroundingatmosphereendthefactthatitccmtainsoxygen,
cmeofthemostactiveofmolecules,andinsomecaseswatervapor,hydro-
brtic acid,nitrogenoxides,end other constituents,arekeptinmind,the
importanceofunobservedfilmsformingqnthesurfacewhichwillcompletely
alterthepropertiesofthesurfscewillbe realized.Furthermore,the
rateofreactionbetweenthesurfaceandmenyofthesegases,especially
oxygen,variesgreatlywithplane.As fortheliquid,itsstructureand
chemicallLat~ havereceivedmoreattentloninlubricationstudiesthan
hasthestructureofthemetslor thechemicalnatureofthegaa,andit
issufficient-tonoteatthispointthat.theadsorbedorreactingliquid
mustinmsnycasesfitstructurallyintothecomplexformedby themet&L-
gasreactim.Thestructuralrelationshipsbetweensoli&,liquid,andgas
must-becontinuallykeptinmind. Thisstudyspecificallygivesinformation
m thechemicalimportanceofthestructureofthemetalsurface.

SchoolofChemistry
UniversityofVirginia

Charlottesville,Va.,Novetier23,1945
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.

FURTHER ANALYSIS OF AN IS OTROI?IC

OX ID AT IO NO FMET ALLIC

SINGLE CRYSTALS

An attemptwasmadeunderPRESENTTHEORYOF ZNFiiUEiiCEOF CRYSTAL
PLANEON S’URFACXREACTIONSAliDATTEMPTSTO CLASSIFYRESULTSto correlate
endanalyzetheresultsobtainedon theoxidationofmetalcrystal~.
Althoughit isbellevedthata satisfactiryunderstemlingof thevariations
inratewithplaneisnotpossibleuntiladditionalexperimentalinfor-
mationisObtiinOd=an attempthasbeenmad9totiterpret.theresultsfur-
therintermsofpossiblestepswhichcantakeplaceat the“tiface.This
analysissuggestscertainpossibilitiesofmechanismandoffersa vie~~int

hy whichfuturestudiesmaybe guided.

Thereerea numiberof conceivablemechanismswhere%yoxidationof a
metalsurfacemaytakeplace.Furthermorethecontrollingstepsat the
beginningof oxidationnaybe differentfromthosewhichcontroltheprocess
afteran oxidefilmofappreciablethicknesshasformed.Whentheoxidation
filmiscontinuousandhasemappreciablethickness,Wagnerandco-workers
(reference18)haveproposedth&ttheprocessof oxidationtakesplace
laz”gelyby thediffusionofmetalionsandelectronsoutwsmitoreactwith
adsorheiloxygenparticles.Of thepossiblediffusingelements,electrons,
copperatoms,cuprousions,oxygenatoms,andoxygenions;theelectrons
andcuprousIonserethesmallestandthereforewouldtendtodiffusethe
mostraTMly. Cddschm3dt(reference29)gives0.96A and1.32A forthe
radiiof cuprousionsandoxygenions,respectively.Cuprou&oxidewhich
exhihits electricalconductivityisknowntoformthinfilmsundermild
oxidizingconditions.Itwouldalsohe e~ectedthata slightdiffusion
of oxygenionsoratomswouldtekeplacethroughtheoxideftlmsincemy- .
genisknownto diffuseatmeasurableratesthroughmetalti”stichas.-—__

cower,nickel,andironathightemperatures(reference30).

Withtheassumptionthattheoxidationforcoppertakesplacelargely
by diffusionof electronsandcuprousionsoutward,theover--allprocess
maybe dividedintothefollowingsteps:

1.ActIonofoxygen
(a)Adsorptionofoxygenon oxidelayer
(b)Pick-upof electrons .
(c)Reactionofoxygenionswithcuprousions —

2.Actionof electrons
(a)Transferfrommetalto oxide
(b)Diffusionthroughoxide
(c)Transfer.frcmoxidetoregtonofadsorbedgas
(d)Pick+pof electronsbyadsorbed.gas
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3.Actionof cuprousions
(a)Transferfrommetalto oxide
(b)Diffusionthroughoxide
(c)Transferfromoxidetoregionofadsorbedgas
(d)Reactionofcuprousionwithoxygenion

ThesepossiblestepswilJnowbe considered,andan attempt-tillbe made
to selecttheratecontrol.llngprocessesandto interpretthevariationIn
therateofover+lloxidationwithcrystalplane.

.

ACTIONOil’OXYGEN
. ..-

Ithaspreviouslybeenpointedoutvthatfrommeagercalculations
step(a)(theadsorption‘ofoxygen)wouldbe expectedtovarywithplane.
At thevery”stert”ofthereactionadsorptionwouldbe expectedtobe the
controllingprocess,lut,aftera filmofappreciablethidcnesshasformed,
adsorptionat.2QO”and.atmosphericpressurewouldbe relatlve~rapidand
wouldnc,tbe thecontrollingprocess.No specificInformationIsavail-
ableon step(b)(thepick-upof electronsby adsorbedgas)butexperimsnte
on thedecreaseof--thermionicemissionby adsorbed.gas(reference31)indi-
catethat--someoftheadsorbedparticlesexistas ions,sothatthepick-up
of electronsmaybe consideredtobe partof theadsorptionprocese.
Step(c)(thereactionbetweenoxygenionsandcuprousions)shouldtake
placerapidlyandwithoutvariationInratewithplane,oncetheionsare
broughtintoproximity. .

.:

ACTIONOFELW2’IRONS

Evidencefromseveralsourcessuggeststhattheove=ll rateof
electrontransferfrommetaltoadsorbedoxygenatoms~ be thecontrol-
lingprocessinoxidation.First,Mott(references32and33)proposed
thattheratecontrollhgprocessin theoxidationofmetalswhichform
protectiveoxidesis therateof-electro~bunnelingtotheadsorbedqY-
genatoms.He citesinevidencethataluminumforinsoxidefilmsofa
limitedthiclmessof40A inair,butwhenoxygenfensaresuppliedto
thesurftaceby anodicoxidation,fih thickeesesof10,000A maybe read–
ilyobtained.Second,McAdamandGeil(reference34)notedthattheoxi-
dationrateof steelswasacceleratedwhenthesteel-specimenswereplaced
incontactwitha silverplat- PresumabQan electrochemicalcellwas
setupw“fichaidedtheelectiontrausferintheoxidationof iron.Anal-
gousphenomenaoccurinsolution.Thesolutionof electropositivealumlnum
inhydrochloricacidisgreatlyacceleratedwhenthemetalisplacedin
contactwithelectronegativegold. Third,qspreviouslydiscussed,wig
(reference19)hasexplainedcertaincasesofpassivityintermsof the
transferandsharingof electronsbetweenmetalando~geu. Fourth,the
resultsonatmospherictarnishingatroomtemperatureof’coppersingle
crystalsreportedinreference1 suggestthatelectronmigrationis the
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. controllingprocess,Sunlightacceleratedthe’rateof atmosphe~ictsrnislE,
ingandincreasedthevariationinratewithcrystal.pleme.Whentheultra–
violet.light,whichinfluenceselectrontrensfer,wasfilteredout,the

- rateof tarnishingwasappreciablyreduced.

As regardsthe.variousstepstakenby theelectrons,step(a)(the
transferof electronsfrommetalto oxide)andstep(c)(thetiansfer
acrosstheoxide-adsorbedgasinterface)areprobablytheratecontrolling
onesuntilthefilmsbecomequitethick,whenstep(b)(diffusionof elec-
trons)probablibecomesthecontrollingprocess.Cuprousoxideis slightly
conducting,anditwouldbe expectedthatelectronswoulddiffuse~ough
itwithan appreciablerate. Theconductivib,andthereforethediffusion,
wouldnotIm expectedto vsxywithcrystaldirectionforcubiccrystals
(reference35). Verylittlei.nfo~tionon theseindividualelectronsteys
isavailable,andit isthereforeimpossibleto identifytheratecontrol–
lingstepundersayonesetof conditions.It isonlypossibletoreason
fromover+dlelectronprocessesonmetalsurfaces.Boththermionicand
photoelectricemissionsarestronglyinfluencedbythechemicalnatureof
theadsorbedgas. @gen lowerstheemissionstremendously.Thisfact
wouldsuggestthatsteps(a)and(c)arethelimitingones. As regsrds
thevariationinrateof oxidationtithcrystsLplane,electronprocessos
onmetalsurfaceshavebeenshowntovarygreatlywithplene.Thusit
wouldbe e~ectedthattheelectionprocessesinvolvedinoxidation,with
theexceptionof diffusion,wouldv~y withplane.&tin (reference36)
hasshownthattheworkfunctionsin thermionicemissionsfromtungsten
variedwithcrystalplaneaswellaswiththenatureofadsorbedparttcles.
.Farnsworthand”.c~orkers(references14 and37)foundthatcontactpoten-
tialsvariedwithplane.

.
Thepossibilitythatelectronprocessesmeybe thecontrollingfactor

in oxidationofmetalsurfacesemphasizesthedesirabilityof quantitative
measurementandcorrelationof theratesof oxidation,contactpotentials,
photoelectricandthermionicemissions,andelectrodepositionprocesses
onvmiousfacesofmetalcrystals.

ACTIONOF CUPROUSIONS

Step(a)(thetransferof cuprousionsfrommetalto oxide)mightme
expectedtobe thecontro~ingprocessat thestartbutitwouldnotbe
expectedtobe a veryslowonesincetheoxidehasanappreciablevolubility
inthemetal.Thisfactsuggeststhatthemetalionswouldnotbe greatly
outoftheiremfironmentwhenin theoxideandthereforetherewouldbe no
greatbarrierto overcomeinpasshgintothecxide.“Sincethesurface”free
energyofmetalsurfaceshasbeenshowntoverywithplane$“itfidt be
expectedthatthetendencyforcuprousionstoleave”the%tal ~d”enter
theoxidewouldvarytithplane. .,

-

- Of thepossible.stepstakenby cuprousions,step(b)(thediffusion
throughtheoxide)wouldbe expectedtobe thecontrollingproceseas the
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oxidefih getsthicker.Barrer(reference38)citesa nuder of instances
ofanisotrtipicdiffusionfornoncubiclattices,buthe statesthathe does
notbelievethattherateof=diffusionisanisotmopicinmetalsof thecubic
lattice.:~owever,theexperimentaldifficultiesofmeasuringdiffusion
alongdefinitecrystaldirectionsaregreat,andnoreliableexperimental
resultsareavailable.TamuannandArntz(reference39)foundthatmercury
dropsspreadat Ufferent-rateson differentfacesofa clegmcoppercrystal,
butdifferentthicknessesof oxidemight-havebeenresponsible.

Thefollowinginterpretationofvariationinrate–ofoxidationwith
planeintwinsofpossiblevartationinratesof diffueionisgiven.

Theprocessofdiffusionthroughmetalsor saltsmaybe thoughtto
occurfn tieoftwomanners:(1)Thediffusingelementimaymovebya series
of jumpsir~tovacanciesinthelattices,or (2)Thediffwingelementmay
mow throughtheintersticesofthelattice.Ihtheoxfdatfonofcopper,
tickel,anclironItappesrsthatthediffusionormetal.ionsthroughthe
oxidefihnoccurslargelythroughtheintersticesin thelattice.In detez=
miningpossibleopeningsinthelatticefordiffusion,it i~necessary”to
how theorientationoftheoxidewithrespectto theunderlyingmetal.
Onlyinconq}leteinformationisavaila%le.

Mehl,MoCandlessandRhines(reference@) foundthatthecuprous
oxidelatticewasorientedinthesamewayas theunderlyingcopperlattice,
butMoore(reference41)foundcontinuationofitheorientationanddirec-
tionon the(110)and(232)planesandfoundonthe(100)planetheorien-
tation(ill)@O (100)Cuend (110)%0 (100)Cu. Ironcrystalsheated
in% andwaterat 700°C formfemwusoxi@e-d theoxideisorientedwith
the(100)planesof theoxideandironparallel,butthe(110)direction
intheoxideliesparalleltothe(100)directionofiiron(reference40).

Cruzemandhllley(reference42)haveshownthat-thethinoxidefilms
on copperarelarge~cuproueoxide.BoundandRichards(reference43)
foundthatatM@ temperaturestheoxidefilmsonnickelarecubic(sodiw
chloride-type)nickeloxide.Thestructureof thinoxidefi~ on ironiE
dependentonthepurityoftheiron,initialsurfacesmoothnessandstruc-
ture,andthetemperature(references44 and45). Becauseoflackof-data
forthisinvestigationititillbe assumedthattheinitialcontrolling
oxidefilmisferrouso=de ina soti~hlorid-t~e structure.

As canbe seenfrcnua comparisonofftgures1 and21audfigures2
and18theshapeof theIntersticesfn oxideismirroredintheshapeof
theoxfdaticnpatternsaroundthe(100)planesof copperandnickel.
Figures1 sad2 shouldbe rotatedthrough45°intheplaneofthepaler
to coincidewiththeorientationoffigures18and21, Inbothcases the
arms fromtilecornersof-thesquareradiatetowarda (110)poleposition.
If theoxideonIronIsferrousoxidesadtheoxideis orientedas found
by Mehl,McCandlessandRhines,figure18 coincideswiththerelative
orientationas showninfigure4. Thusthecornersofthesquareare
directedtoward(111)polesratherthantoward(110)polepositions.
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. ~ thecaseof copper,faircorrelationgisobtainedbetweeathechan–
nelsofinterstitialspaceintheoxideandtherateotoxidationon the
differentcrystalfaceswhena latticeofuniformspheresisassenibledin

. a msmnersimilartotheassumedstructureof cuprousoxide.Itmaybe
arguedthattheholesdonotrepresentemptyspace,.buttheyprobablydo “
representregionsoflowelectrondasityandmassdensity.

.

Therelativeratesof copperoxidationonthedifferentfacesinorder
ofdecreasingratessre: (100)and(210),linesbetween(311)and(110),
(111),(110),and(311)regions.Theregionsofhighrate,(100)and(210),
areregionsof interstitialpassagewaysintheoxide.Althoughthe(lJO)
poleregionshaveverylargechannelsandsreregionsoflowrate,the
regionsimmediatelysurroun~ngthe(110)havea highrate.Regionsof
lowrate,suchas the(311)and(ill),areregionshavingveryminutec-
nels. Theonlycorrelationforthelinesbetween(311).-d(311)and(311)
and(1~0),isthefactthatwiththeexceptionofthe(100)region,ifa
polyhedronispreparedwithsidesparalleltotheregionsoflowoxidation
rate,alltheregionsof highrateoccuras cornersor e~es.

In thecaseofnickel,as canbe seenfromfigures18and19,inter-
stitialchemnelsrunallthewaythroughtheoxidein directionsperpen-
dicularto (100)and(110)plenesandinthinfilmsindirectionsinking
finiteangleswiththe(100)and(110)directions.However,perpendicular
to (311)and(ill)plsnes(fig.20)no seniblancesof channelsarevisible.
Nickelsinglecrystalsoxidizedin oxygenat 400°C ednibitedhighrates
of oxidationon (100)and(UO) planesandlowrateson (ill)and(311)
plsmes.Thusin theoxidationofnickelsinglecrystalsthereis excel–
lentcorrelationbetweentherateof oxidationandthepresenceof direct
channelsintheoxide.

Ihthecaseof iron,interstitialchsmnels’arepresent@ the(100)
areasnditisa regionofhighrate.Becauseoflacko?”howledgecon-
cerningtheorientationat the(lU) pole,itis impossibletoattem@a
correlationbetweenchannelsandhighoxidationrate.Thefinelinesrun-
ni~ fromneighboring(Ill)polesandforminga squarearoundthe(100)
polesme regions.ofmoderatelyhighrate. Theselinesofhighratemay
be duetodiscontinuityintheoxideorientation,sincethet~e ofori-
entationaroundeach(100)polewouldnotpermita monocrystallineoxide
overtheentiresphericalsurface. ,.

Thusitwouldappesrfromthisconsiderationtm.t,withoxidefilms
ofappreciablethickness,the.ratecontrollingstepswe: (1)Thetransfer
of electronsfrommetaloutto.theneighborhoodo-ftheadsorbedoxygen,
and/or(2)Thediffusionof copperionsthroughtheoxidelattice,‘ItiS
impossiblewiththepresentlmowledgeto state.whig.hoftheseis themore

. important.Itwouldalsobe expectedthatbothprocesseswould,marywith
crystalplane.Theimportanceofthisanalysisisto.emphasizetheneces-
sityfora correlationof.numyapparentlyunrelatedsurfacephenomena
beforemy oneofthemcanbe thoroughlyunderstood..
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Figure L- Oxldatlon of a
coppersingle crystal in alr
at 200° for 30 minutes.
Normalto (100).

F1gure2.- Oxldatlonof a
nickel single crystal in slr
at 40& for 3 days.
Normslto (100).

Figurea- Oxldatlonora
leadsinglecrystalInSlr
at200°for10minutes.
Normelto(100).

Figure 4.- Oxldatlon or sn
iron single crystal in oxygen

at 240° for 3 hours. Nonml
to (100).

Figure&- Oxldatlonofa
cadmiumsinglecrystal-in
alr at200°for19hours.
Normalto“(0001).

Figure 6.- OXldatlOnor azinc
single crystal in air at
400° fOr 2 dSYs. Nonuslto
(0001). .

Figure 7.- Alternate lmmerelonin mineral
011end sfr or a silver single CrYStSl
at 2000for W)hours. NormaltO (100).
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figure R- Preferentlsl etch-
ing of a copper single
Crystal In stearlc sold end
alr at 200°. Normalto
(100).

.

Figure 9.- Preferentlel etch-
ing of a nl ckel single
crystal In stearlc sold end
tenk hydrogenat 20&.
Normalto (lCX)).
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Figure 11.- Hydrogen-oxygen
catelytic reactIonona
single crystal of nickel
4C0°. Normalto (100).

at

63

Figure 10.- Preferential etch-
ing of a zinc stigle crystel
In stearlcscldendS,lrat
100°.Normalto((x)(n).

Figure12.- Hydrogen-oxygen
catalytlc reaotlon on a
single crystal of nickel at
40&. F8CetSdeveloped
parallel to(100).Magnified
600times.
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.

*

Flgdre 13.- Preferentl al
wetting on (111) regions of
an Iron single crystal by
stearlc acid In alr at 200°.
NcK’mslto (100).

Flgure 14.- Preferentlsl
depositIon of silver on a
copper sln@,e crystal
dipped in 0.01 N silver
nitrate. Normalto (111).

F’1gure 15.- Preferentlsl
SCSllng of gold deposited on
a copper single crystal
SusDendedin O.01N gold
chlorlde. Normalto (111).

Figure 16.- Pattern formed
by electrodepositlon of
lndiumon a lead Single
crystal. Normalto (100).

Figure 17.- Hexagonsl-shsped
facets formedparallel to
(Mel) onevaporation In a
vacuumat 40$ froma zinc
single crystal. Ms@fled
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Flgu’e l&- sodlm chloride

type lattice (ferrousOxide,

nickel oxide). NOIIIal KI

(m).

Flffura 190- Ooditnn CblO1’idS

tyue lattlce (ferronaoxide,

nickel Oxide). Nomal W
(1101,

Fi@re 21.- Cuprona odde @e lattlce of titeI’TeIIet~tWE
f~ent.ered cubiccopperatcaa andbodYcenteredOXYW
atma, Normal to (lU)).

W!=

k.. i M.. J
Figure20.- Wdlumcblorlde

type lattice (ferrcusoxide,
nickel oxide). NorQIUto
(111).


